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(57) Abstract 



A meOiod und appareiua fur liiiafatin^ die inutiuu uf oji objcci (18) wlih a distal processing system (250) includes a scasot (14. 
1 10) for dciectia^ movement of the object (18) along a degree of freedom. A passive pneumaac or ftyoraulic damper (i2, 108) is coupled 

to the object (18) to provida a damping rwiecanc* to th« object (18) along iKe d£^« of freedom and resist a mov*n)fnf of thr flhjftrf (U). 
Tlio Uaiupijig icfeisiAjuiie is provided by regulating ihc conaol of a fluid wii)i a digital computina apparatua (52), thu3 providing a lou Kost, 
low.power force-feedback intertace Chat is sale tor mc user. Ihc damper (12. 108) and sensor (K 110) provide an eleccromechaAlcal 
interface (10) betuc^n the objfcf (18) and the electrical sysfrm. A glmhal nr nthm inf#!rfam mechanism can be coupled between the damper 
(12. 108) aiiU die ubjoci (18). Tlio iiJierfacc li well suited for ilniulaiions or video gam&s in whieh an oWcet aueh as a joystick is moved 
and manipulated by the user. 
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METHOD AND APPARATUS K)K FKOViniNCi 
PASSIVE FL UID FORCE FEEDBACK 
D escription 

Tftghniral Field 

s The present invention relates generally to interface devices between humans and computers, 

ond more paxticularly to computer input devices that provide force feedback to the user. 

Background Ait 

Computer systems are used extensively in the home entertainment industry to implement 
video games, video simulations, and the like. In the video game iiiUusuy, a video ^diivz computer 

10 system displays a visual game environment to a user on a display screen or other visual output 
device. Usei^s can interact witli die displayed environment to play a game, experience a simulation 
or "virtual reality" Mvironroenr. or otherwise intlnence events depicted on the screen. Such user 
interaction is implemented through the use of o human-computer interfocc device, such as a 
Joystick. "Joypad" bunon controller, mouse, stylus and tablet or the like, thai is connected to the 

1 5 computer system controlling the game environment. 

One common bterface device to game environments is a joystick controller. A joystick 
usually includes a member for the u^cr to pusp and move in one or more dcj;rcc6 of freedom. Tlic 
user's manipulations of the joystick are input to the computer system and the results or effects of 
these manipulations are typically displayed to the user on the display screen. While a standard 

20 joystick is effective in allowing a user to input commands to a game environment, it is limited id 
providing only input to the game computer system. The user con receive feedback about the results 
of his or her actions only through the visual medium of the display screen and, usually, the 
auditory medium. A standard joystick cannot itself provide feedback information to the user. For 
example, if the simulated aircraft that the user is controlling in a game environment collides with 

25 another aircraft, the user only receives the visual and auditory feedback that such a collision 
occurred. The standard joystick has no means of conveying such collision information to the user. 

Joysticks and other input devices have been developed to provide tactile ("haptic") feedback 
iKj ti uw, uiorc ^cncTttlly known ai> 'Turcc feedback." TTicsc types of joystick:) can provide 
physical sejisations to the. user manipulating the joystick. Typically, motors are coupled to the 
30 joystick and arc connected to the controlling computer system. The computer system can provide 
forces on the joystick in conjunction with gaming events by controlling the motors. I'hrnugh such 
a joystick, the computer system can convey to the user the physical sensotion of colliding into a 
wall, moving ihiuu^^i a liquid, driving over a bumpy road, and other sensaUons. The user can 
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thus experience, an entire sensory dimension in the gaming experience that was previously absent. 
Force feedback joystickfi can provide a whole new modality for human-computer interaction. 

Force feedback input devices of the prior art have cnncentrated on providing maximum 
haptic fidelity, i.e., the realism of the tactile feedback was desired to be optimized. This is because 
most or the fon:e feedback devices have been targeted ai the specific needs of highly industrial 
applications. To attain such realism, impoitant design concerns such as size, weight, complexity, 
power consumption, programming compatibilior, cost, aesthetics, and safety have been sacrificed. 
As 0 results typical force feedback mechanisms are complex robotic mechanisms which require 
precision components, high speed interface cleclruniv^, and cj^penslve actuators. 

To provide realiiiuc force feedback, die devices of die piioj art typically use servo motors 
under computer control. Pneumatic and hydraulic devices are sho nsftd a.^ arniatort in forrft 
feedback devices. In pneumatic and hydraulic devices, a source of pressurized fluid is usually 
coupled to a piston in a cylinder, and the flow of the pressurized fluid is controlled by a computer 
system to provide active forces to the user. For example, a pneuroaiic system is described by 
Burdea et al in U.S. Palcnl 5,143,505, in wliich aclivc pncuiiiauc actuators aie piovideJ on au 
interface glove to provide force feedback to a user*s fingers. These systems regulate pressurized 
air to generate active forces to the user. 

While the potential market and applications of force feedback controllers in the home video 
game industry is immense, a number of concerns face the potential providers of force feedback 
joysticks to the general public for video game and similar applications. Foremost among these 
cunccras h liic issue of user safety, Bccdusc a force feedback device can impan physical forces 
upon the user, the potential for injury must be carefully addressed. One type of potential injury is 
an impact injury, which is caused by a driving blow to the user from the joystick handle. Equally 
as important are repetitive motion injuries, which are debilitative injuries that are cau5ied by 
moderate jarring of the user's hand over an extended period of game play. Such injury issues must 
be resolved before force feedback joysticks can be pracdcally sold to the general public. 

In the prior an feedback controllers, active forces are direcUy applied to the user to provide 
aninherendy unsafe controller. In addition, high accelerations are usually produced to provide a 
wide range of force signal frequencies and achieve the desired high realism. However, such 
accelerations are even more unsafe for a user operating the device. These joysticks and other 
devices are thus unfit for the home market of video games and the like. 

Odierconcems regarding force feedback joysticks include the efiicicncy of manufacturing 
aiid iuarkcUng die joysticks. The cost, complexity, reUability, and size of a force feedback joystick 
t'nr home use should be. practical enough to mass produce the devices. In addition, aesdietic 
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concerns such as compactness And opftraf.ing noise level of a force feedback device are of concern 
iu the home market. Since the prior arc fccdbock controllers ore mainly addressed to specific 
applications in industiy. most force feedback mechanisms are costly, large, heavy, have jagnificani 
power requirements, are difficult to program for applications. The. prior art devices require high 
speed control signals from a guaU\>llittg computer for stability, which usually requires more 
expensive and complex eJectronir..^. In addition, the prior an force feedback devices are typically 
large and noisy. These factors provide many obstacles to the would-be manufacturer of force- 
feerthack joysticks to the home video game market. 

For example, the pneumatic force feedback device of Burdea et al mentioned above 
includes many disadvantages to a would be provider of force feedback devices in the home video 
game industry. The force feedback Interface of Burdea tv ai rcquirc!> a lai^c iiiicifacc box 
including bulky pressure regulators, pressurized air supply, and a large 24-vo)r power supply. 
Tlic at'livc piicuiiiaiic actuators of Burdea ct al. require high speed control signals to operate 
effectively and pmvide srahility. Hnally. Burdea et al's pneumatic actuators can potentially be 
dangerous for a user when strong or unexpected forces are generated on a user of the interface. 

Therefore, a safer, less expensive, less complex, more compact, more reliable, easier 
programmed, more aesthetic aliemative to force feedback interface devices is desired for certain 
applications. 

Disclosu re of the Invep^|Qn 

The present invention provides a human/computer fluid-resistance interface device that 
provides force feedback to a user operating the device. Tlic device includes cOiiipuiei-\;oauoUcd 
pneumatic or hydraulic dampers that provide a modulated passive damping resistance, to the motion 
of an object that is controlled by a user. The interface device of the present invention is inherently 
safer for a user, requires lower power, and i.^ less costly to produce than active actuators and other 
types of pneumatic/hydraulic actuators. 

More particularly, an apparatus of the present invention for interfacing the motion of an 
object with an electrical system includes a sensor, such «s a dixiul encoder, djai detects uwvcuieut 
of an object along a degree of freedom and develops an electrical sensor signal for the electrical 
system. The sensor is coupled to the object in the preferred embodiment. The apparatus also 

incliirte?;apa^.^ive fliiid-re<;if:Lance mechani<;m. such a pneumatic or hydraulic damper, coupled 
to the object to transmit o drag to the object along the degree of freedom and resist a movement of 
the object. The damper Is responsive lo an electrical resistance signal provided by the eleorical 
system and, with the sensor, provides an electromechanical interface between the object and the 
electrical system. In the preferred embodiment, the object is a joystick controller. 
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Id Che preferred embodiment, the passive damper uses air (or a differenc gas) flow to 
control the. dnrnping rft;i5ifance otirpnt by the, dampftr. In altemafft emhodimenrs; the passive 
damper can be a hydraulic brake utilizing liquid flow. The passive damper includes a cylinder and 
a pi5;tnn operative to move within the cylinder. A valve is included for regulating a flow of a fluid 
5 through the cylinder, the valve being controlled by a digital computing apparatus to transmit a 
variable drag to the movement of the object. The valve can be an on-off valve which provides only 
two magnitudes of drag to the object. These two magnitudes include negligible drag when the 
valve is open, and mawauiii drag whcu die valve is closed to allow substantially ao aiovcuicni uf 
the object along the degree of freedom. The valve can alternatively be a variable valve that 
10 provides multiple magnitudes of drag to the object. A solenoid can be coupled to the valve to 
control the opening and clawing of the valve from the digi^l computing apparatus. A gimbal 
mechanism or slotted yoke mechanism can be coupled between the object and the damper. A play 
uiccliduibiii caii ttlso be coupled between tlic daiupci* and die object for providing a desired aniuuiiL 
of play herween the damper and the nbjecf along the. degrw. of freedom. The. play can include 
15 rotary backlash provided by a coupling coupled to the object and having a keyed bore which is 
smaUer than a keyed shaft thai Is received by the keyed bore. The keyed shaft is coupled to the 
damper. The desired play allows the sensor to detect movement of the object even when maximum 
resistive forvc is applied to Ihc objecL 

Anodicr apparatus fur inicrfacing the modon of an object with an electrical system in 
20 accordance with the present invention includes a gimbal mechanism providing a first revolute 
degree of freedom to an object engaged with the gimbal mechanism about an axis of rutadon. The 
gimbal mechanism includes a closed loop five member linicage in a preferred emhodiment. A 
sensor is rigidly coupled to die gimbal mechanism for sensing positions of the object along die first 
degree of freedom. A braking mechanism is coupled to the gimbal mechainism to create a passive 
25 damping resistance to movement of the object along the first degree of freedom. The braking 
mechanism provides the damping resistance by regulating the flow of a fluid. The braking 
mechanism and the sensor provide an electromechanical interface between the object and the 
electrical system. This electrical system preferably includes a digital processing system for 
providing a braking signal to the braking mechanism and for receiving an electrical signal from the 
30 sensor. 

The. gimbal mechanism preferably provides a second degree of freedom to the object about 
a second axis of rotation, and a second sensor senses positions of the objcci aJon^ die xx;und 
degree of freedom. A second braking mechani.«;m creaiec a pa^j;ive damping i^sistaDce along the 
second degree of freedom by reguladng die flow of a second fluid. The braking mechanism 
35 preferably includes a piston assembly and a valve, where the piston assembly includes a cylinder 
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and a piston operative to move within the cylinder. A pisfnn rnri couples the piston to the objea 
and includes two ends, each end connected by a boll joint. 

A aiediod for interfacing motion of an object with on electrical system includes providing 
an object having a dftgrce of freedom. Positions of the object along the degree of freedom arc 
sensed with a sensor and electrical signals are produced from the sensor. A resistance to 
movement of the object is created along the deduce of freedom by controlling the flow of a fluid. 
The degree of freedom can be a rotary degrise of freedom or a linear degree of freedom. The step 
of oealin); a resistance to the object's movement includes coupling a passive broke to the object. 
The. passive, bralcc can include a piston assembly and a valve to control the flow of the fluid. In an 
alternate embodiment, the brake con include a piston assembly having a cylinder and a piston. An 
electrorheological fluid is provided in the cylinder, and a vuliaj^c is applied to electrodes ia the 
cylinder. The voltage induces an electric field, which, in turn, conrrols a viiccoi^iry of the 
eleccrorheological fluid and dicrcby allows die flow of the fluid to be regulated. A gimbal 
mechanism or slotted yoke mechanism can also be included to provide two or more degrees of 
Iiccdom to tlie object. The gimbal mechanism can be a closed loop five member linkage. 

Li yet another embodiment of the present invention, a system for controlling an 
electromechanical interface apparatus manlpulaicd by a user includes a digital computer sy^tcui fur 
receiving an input control signal and for providing an output control signal which updates a 
process, such as a simulation or video game process, in response to the input control signal. A 
passive damper for receiving the output control signal provides a resistive force along a degree of 
freedom to an object coupled to the passive damper. The object ia preferably grasped and moved 
by the user. The resistive force is based on a flow of a fluid within the passive damper, and ihe 
flow of the fluid is based on information in the output control signal. The force resists a user fore* 
applied lo the object by the user along die degree uf fiecduiu. A scusor detects motion of the object 
and outpuu the input cooU-ol signal including information reprie.sentative of the position and motion 
of die object to die digital computer system. 

Preferably, the dixilal cOiiipuici updates a siiuulation process in response to the input 
control signal Rnd dispbys a simulation (nr video game) to the user on a display screen. The 
passive damper is a pneumatic or hydraulic broke that includes a piston assembly and valve for 
regulating the flow of the fluid. The digital computer system preferably regulate:, the fluid fluw by 
controlling the valve. Preferably, a local processor is coupled between die digital computer system 
and Uic daiupcr/sciisur dial receives Uic output control signal from said digital computer system and 
provides a .^.cond onfptif control signal to the passive damper. The local processor also receives a 
second input control signal from the sensor and outputs the input control signal to die digital 
computer system. Tbe local processor can provide the second output conoui Mgnal tu die passive 
damper in response to the. position and motion of die object. This can he ficcompished 
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independenUy of ihe output control signal from the digital computer system in a "reflex" process. 
A serial interface can output ths output control signal from the computer system and can receive the 
input control signal to the computci system. A dijdul lo analog convener can receive the output 
contmi signal, convert the output control signal to an analog control signal, and output the analog 
control signal to the passive damper. The output control signal can control the reslsUve force on 
the object to simulate the ohjecf moving into an obstacle, moving over a textured surface, or 
moving through a damping environment in accordance with the simulation or video Kwne. 

The force feedback of the present invention is provided by passive dampers, wluch do not 
geiieiaic fyiws on a user but instead provide a damping resistance to the motion of a joystick 
moved by a user. The present invention is thus inherenUy safe for a user to operate. In addition, 
the dampers require less power and slower control signals than acdve actuators such asi acrivc 
pneumatic or hydraulic actuators and motors. In addition, the dampers are less cosUy ond require 
simpler computer control electronics than other types of passive aclualois. These improvements 
allow a computer system to have accurate control over a \ow<a%t, safe interface providing realistic 
force feedback. 

These, and other advanuges of the present invention will become apparent to those skilled 
in the art upon a reading of the foUuwing specificauon of the InvenUon and a study of the .several 
figures of the drawing. 

Prief Description of the nfaq/tg£« 

Figure la is a schemaUc diagram of a U-ansducer .system in accordance with the present 
invention for providing passive force feedback to on object in a linear degree of freedom; 

Figure lb is a schematic diagram of on alternate transducer system of Figure la fur use in 
hydraulic systems; 

Figure Ic is asclicmalic diagram of an alternate transducer .system of Figure la for use in 
hydraulic .sy.stems; 

Hgnrp. Id is a side sectional view of the piston assembly of Figure Ic; 

Kigiirp. 2 is a schematic diagram of a first alternate embodiment of the transducer system of 
Figure la; 

Figure 3a is a schematic diagram of a second alternate embodiment of the transducer .system 
of Figure la: 
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Figure 3b is a schematic diagram of an aliemaie transducer system of Figure 3a for use in 
hydraulic systems; 

Figure 4a is a schematic diagram of an interface system including transducer systems of 
Figure 1; 

5 Figure 4b is a perspective view of the interface system of Figure 4a; 

Figure 5a is a schematic diagram of an alternate interface system including transducer 
systems of Figure la; 

Figures 5b and 5c are schematic diagrams showing the movement of a user object in the 
interface system of Figure 5a; 

10 Figure 5d is a perspective view of the interface system of Figure 5a; 

Figure 5e is a perspective view of the interface system of Figure 5a having a stylus- 
receiving user object; 

Figure 5f is a perspective view of die stylus-receiving user object of Figure 5e and a stylus; 

Figure 5g is a perspective view of the interface system of Figure 5a having a finger- 

15 receiving user object; 

Figure 5h is a perspective view of the fuiger-receiving object of Figure 5g and a user's 

finger; 

Figure 6a is a schematic diagram of a transducer system in accordance with the present 
invention for providing passive force feedback to an object in a rotary degree of freedom; 

Figure 6b is a schematic diagram of the transducer system of Figure 4a where an object has 
been moved within the rotary degree of ft-eedom; 

Figure 6c is a sectional side view of the damper shaft and a play mechanism of the 
transducer system of Figure 6a; 

Figure 6d is a sectional side view of the damper shaft and play mechanism of Figure 6c; 

Figure 6c is a detailed view of the keyed portions of the damper shaft and play mechanism 
of Figure 6c; 

Figure 7 is a schemaUc diagram of an alternate embodiment of the transducer system as 
shown in Figure 6a; 
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Figure 8 is a schematic diagram of an interface system inciuding the transducer system of 
Figure 6a; 

Figure 9 is a perspective front view of a preferred embodiment of the interface system of 
Figure 8 including a joystick object; 

Figure 10 is a perspective rear view of the embodiment of the interface system of Figure 9; 

Figure 11 is a perspective view of a slotted yoke mprhaniml apparatus us^ with the 
transducer system of Figure 6a; 

Figure 12 is a block diagram of a control system for the interface systems of the present 
invention: 

Figure 13 is a schematic diagram of a first embodiment of the control system of Figure 12; 
Figure 14 is a schematic diagtam of a second embodiment of the control system of Figure 

Figure 15 is a flow diagram illustrating a method for controlling the transducer systems of 
the present invention. 

g«t Modes for Carrvinfr nut the InvenTtnn 

In Figure la. a schematic diagram of a tt^sducer system 10 for providing computer- 
controUed force feedback in accordance with the prssent invention is shown. Transducer system 
10 includes a damper assembly 12 and a sensor 14. A user object 18 is prefer^Iy coupled lo 
damper assembly 12 and sensor 14 to aUow the user to interface with a computer system 16 In 
the preferred embodiments, a user grasps user object 18 and moves the object in one or more 
provided degrees of freedom. Transducer system 10 is also considered an interface system to 
computer system 16; in other embodiments, described subsequenUy. an interface system includes 
additional mechanical components. The transducer system of the present invention both senses the 
position of the object and provides passive force feedback in the provided degrees of freedom as 
described below. Thus, as used herein, "transducer system" refers to a system that both senses 
positions and provides force feedback. "Damper" refers to a passive resistance mechanism thai 
provides a damping resistance to motion of an object coupled to the mechanism. 

Damper assembly 12 is coupled to object 18 to provide a passive damping resistance to the 
movement of object 18. Preferably, a user generates a force on object 1 8, which causes the object 
to move in one or more provided degrees of freedom. In the embodiment of Figure la a single 
hnear degree of freedom is provided for object 18. Hic damping resistance generated by damper 
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assembly 12 dampens or resists the motion of objcci 18 in ihiit dcgi^c of freedom* as described 
below. 

Damper assembly 12 is a "fluid-resistance" device which provider; a damping resistance 
ha^ed on the regulation of Ouid flow within llic device. In the preferred embodiment* the fluid is a 
5 gas, such OS air. Damper assembly 12 can also be referred to as a "pneumatic brake." In alternate 
embodiments, hydraulic pis^^ivc devices can be used to provide resistanee based on the regulation 
of liquid flow. However, pneiimflric devices with £as flow. specificaUy air flow, are inure 
appicpriatc for the embodiment of Figure la. Dan^r assembly 12 preferably includei a piston 
;^$semhly 20 and a valve 22. Piston assembly 20 includes a housing or cylinder 24. a piston 26, 
10 and a piston rod 28. Cylinder 24 is an elongated structure hftvjng a hollow interior 30, an rod 
opening 32 positioned at one end, and a valve orifice 34 positioned at the opposite end. The 
cylinder is preferably cylindrical,. but can be. uRcrilinear or have a cross section of other shapes in 
uther ernbudiuietits. Preferably, cylinder 24 is made out of glass, graphite, plastic, or a similar 
smooth material. 

15 Piston 26 is positioned within the interior of cylinder 24 and is consU-aincd to be moved 

along the degree of freedom designated by axis 36. Piston 26 is preferably also made our ot a 
material such as graphite, glass or plastic and thus has a smooth outer surface. Piston 26 has a 
cross sectional shape equivalent to cylinder 24 so that a minimum gap between its outer edge and 
the itmer edge of the interior 30 exists and no substantial amount of fluid may escope between the 

20 gap. Implementing a moving piston within a cylinder is well known to those skilled in the art. 
Piston assemblies or similar dapshot devices available from several manufacturers can be used in 
the present invention. For example, a suitable pneumatic device is tlie Precision Air Dapshot 
available from Airpot of Norwalk, Connecticut. Piston rod 28 cnnples piston 26 to user object 15 
such that when objcci 18 is moved by a user in the degree of freedom 36, piston 26 is also moved 

25 in that degree of freedom. 

The motion ot piston 26 is dependent on the flow of a fluid 38 through valve orifice 34 in 
cylinder 24. As stated above, fluid 38 is preferably a gas such as air, but can be a liquid in other 
embodiments. As is well known to those skilled in the art, a pi^iun may move when valve orifice 
34 is unrestricted, which allows the fluid to flow through the orifice. For example, if the fluid is 

30 air in a pneumaLic iiyslcin, then tlie piston 26 can move toward orifice 34 if the piston is allowed to 
force air from the portion of interior 30 in "front" of the piston, through orlflce 34. and to the 
atjnospherc outside cylinder 24. Similarly, piston 26 con move toward opening 32 if air is allowed 
to flow ttom the atmosphere into the "front" portion of interior 30 of the cylinder. As leferenccd 
herein, the term "free movement" or "freely move" refers to the piston*s moveineint when valve 

33 ortflce 34 is completely open, allowing oiucsuictcd fluid flow to and from interior 30 through 
orifice 34. The term "c;»nnot move" or "substantially no movement" refers to the piston*:* 
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movement, when no fluid (actually a negligible amount of fluid) can flow to and from interior 30. 
In actuality, some movement of piston 26 is typictdly pa^^thie due to Che compressible nature of air 
and other fluids, and due to small fluid leakages in the system. 

Fluid 38 is ui^cd in daxuper assembly to provide a damping resistance or drag to the motion 
5 of object 18. That is. energy can be removed from the system such thai when the user moves 
object 18, a passive resistance to the object's motion is created. The motion of the object can be 
resisted by controlling the amount of fluid flow through orifice 34. In Uic described einbodiiuent, 
the fluid flow through orifice is controlled by valve 22, Valve 22 is coupled to a duct 40 of 
cylinder 24 which allows fluid 38 to flow fruiii iiitciior 30, through orifice 34, and into a passage 

10 in valve 22. As is well known to those skilled in the art, a valve can he controlled to vary the size 
of the valve's passage to provide a selectable amount of fluid flow through the valve. The valve 
shown in Figure la, for ejcaroplft. can he an "nn-off valve" or "open-close valve'* that provides two 
amounts of fluid flow through oriflce 34. The first is no fluid flow (closed valve), in which the 
valve is selected to connect a closed pen 42 to duct 40. Tlus allows substantially no fluid to enter 

15 or leave the interior 30 and stops the movement of piston 26 within cylinder 24 (as explained 
above, bomc luuvciiical is actually still allowed due to compressibility and leakage of fluids). This 
provides the maximum damping resistance (i.e.. maximum amount of drag) to piston 26 and user 
object 18. 

Hie second amount of fluid flow is full flow (open valve), in which valve 22 connects 
20 open port 44 to duct 40. Open pon 44 allows fluid 38 to be vented to the atmosphere or otherwise 
flow freely. This provides the minimum damping resistance, (i.e., minimum amount of drag or 
"free" movement) to piston 26 and user object 18 in the described embodiment. For example, if o 
gas .^uch as air is being used as a fluid, then open port 44 can vent the gas to the aunosphere; 
damper assembly 12 would thus be an "open loop" system. A suitable on-off valve suitable for 
25 use in the present invention is the Minimauc Valve available from Clippard of Cincinnau. OH. 

The fluid flow through oriflce 34 can thus be controlled by adjusting the size of oriflce 34 
or the size of a passage connected to orifice 34. In the current embodiment, this is accomplished 
by cunu-oUinK a valve to sclccl one of luuluplc provided purti. whci^ cadi pon hai aji orifice of a 
different size. As described below, multiple valves can be. used to provide a greater variety nt 
30 different fluid flows through orifice 34. 

In an alternate embodiment, a servo valve can be used to provide a desired fluid flow. 
Such a valve receives an analog voltage signal for incremenially controlling the size of the valve's 
passageway based on the analog voltage, thus allowing fiuid flow to be controlled to a fmer 
resolution than when using on-off valves. A suitable servo valve for use in the present LuvenUun is 
QBI available from Proportion Air of McC:nrdsville. IN. 
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Passive dampers, such daiiipcr assembly 12, can provide realistic force feedback to a 
user operating an interface apparatus in ^ simulated environmcni. Passive dampers impose a 
resistance to ttie ruuiiuii of an object 16 manipulated by the user. Thus, a user who manipulates an 
interface having passive dampe^fi; will feel forces only when he or she aciuully laoves an object of 
die interface. 

Passive dampcrs/octuotors 12 provide several advantages when cncnpaned to acdve 
actuators. Passive dampers are much le$s expensive and complex than active actuators. For 
example, a substantially lower current is required to drive pas.^ive dampers than acdve actuators. 
This allows a less expensive power supply to drive a passive damper system, and also allows a 
force feedback mechanism to be smaller and more lightweight due to Che smaller power supply. 
Also, in die active pneumatic and hydraulic devices of the prior art, a supply of pressurized air 
must be regulated to provide active forces, requiring more complex and expensive components and 
controllers. 

In addition, passive dampers require substantially slower control signals to operate 
effectively in a simulation environment than do active dninpcrs such as motors. This is significant 
if the controller of an interface mechanism is a computer system that includes only a standard, low- 
speed inpuc/ouiput purl) 2>ucb as a serial port. Serial ports are quite common to personal computers 
but do not communicate qniclcly enough to perform real-time, stable control of most active 
acmators. When an interface controller with slower control signals is used, passive dampers can 
provide stable force feedback to the user Another advanu^c uf passive dampers is that they do 
not generate forces on the interface and the user and are thus more sate tor the user. A user will 
not experience unexpected and possibly injurious forces from the interface object 18, since the user 
is inputting all the energy info the system and providing all the active forces. 

The. tlnid dampers of the present invention (i.e., pneumadc and/or hydraulic) provide even 
greater advantages to a low-cost, safe force feedback interface than do other types of passive 
acwators or dampers. Since the resistance applied to ihc user objcci 18 is provided by the flow of 
a fluid, only valves or other devices for controlling the size of orifices are nei*i1erl fa change the 
icsiiiancc felt by iLc u^ci. Tliis allows simple solenoids and other low-power components to be 
used to control the valves, instead nt more complex components used in other passive and acave 
actuators. In a damping system, signals are output by a controlling computer to control a valve or 
change the size of an orifice only when a change in resistive fonx occurs, allowiug leal-thiic stable 
control of force feedback even for very slow electronics systems and input/output pons, in 
addiliun, llic piston a^sciublies are very low cost and safer compared to other poasive octuator 
devices. 
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Sensor 14 i.« cntipled to object 18 in the described embudinicni mid senses tlie position of 
the object in a degree of freedom. The object 18 in the embodiment of Figure la is provided with 
only a single linear degree of freedom such tliat sensor 14 senses the position of the object in that 
single degree of freedom. A sliding member 46 i.^ coupled to piston rod 28 or to objea 18 and 
moves throuKli scusui 14, which in the embodiment of Figure lo con be a linear pot, linear digital 
encoder, LVDT , or similflr device for sensing an objects position In a linear degree of freedom. 
For example, part number 0243-0000 available from Transtek of Ellington, CT can be used. In 
aitftmateemhodimenLs. sensor 14 can be used to detect rotary moiion of ubjeci 18, described iu 
greater detail below with reference to Figure 4a. Sensor 14 is coupled to computer system 16 by a 
bus 20, which carries electrical sijoial^ ilmi axe icpiescotativc of the position of object 18 along the 
provided degree of freedom from sensor 14 to computer system 16. 

Valve 22 is preferably controlled by a digital processing sy.^stcm nr other electrical system. 
Ptcfcrably, tlic digital processing system is a computer system I6» which con include a computer 
apparatus 52 sind display screen .^4. Numerous other peripherals aod interface devices can be 
coupled to computer system 16 as well Computer system 16 is coupled to valve 22 by bus 56 and 
provides electrical signals to tfie valve lu contiul Uic valve. For example, when using the on-off 
valve described above, a solenoid can be coupled ro the valve tn cause the valve lo open or close 
when specific electrical signals arc applied to the solenoid, as is well known to those skilled the art. 
Computer apparatus .ii can include an interface to provide the signals to a solenoid; examples of 
such on interface circuit are described below with reference to Figures 12 and 13. Alternately, 
computer apparatus 52 can provide an analog voltage signal to conirul a scrvu vulvc, ds described 
above and with reference to Figure 13. 

Display 54 can be used tc display a virtual reality environment' for The user to viftw. 
Display 54 can be a standard display screen or CRT, 3'D goggles, or any other visual interface. 
Hor ex;»mple. the user ohject IX can control a computer-generated object displayed on a two- 
dimensional screen, such as a picture of a instrument, q joystick, a cursor, etc. The user can 
Interact with the simulation by viewing the screen. The computer system 16 receives input from 
sensor 14 to influence the position and movement of computer-generated objects that are controlled 
by object 18, and tlic computer system 16 outputs signals to damper aascmbly 12 when computcr- 
genftrated nhjeci^ interact or a haptic effect is to be transmitted to the user. For example, if a user- 
controlled object displayed on display 54 collides with a "wall" in the simulation, that collision can 
be viewed on the screen and appropriate force feedback can be applied to user objea 18 as well. 

User object 18 Is preferably grasped or otherwise controlled by a user. By "grasp", it is 
meant that users may releasably engage a grip portion of the object in some fashion, such as by 
hand, widi diclr fingertips, or even orally in the case of hdiadicappcd persons. In the described 
embodiment, object 18 is a handle, such as a control handle on a joystick for manipulating the 
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raovemrjit of compiner-controlled objects or a sieeriOE wheel, palm grip, etc. Cumpuicr appaiatus 
52 can display objects on display screen 54 and the user can interface with the objects by moving 
the handle lo affect the view displayed, die position of a displayed object, the view of an object, 
etc. Other types of objects are also stiifablft tor the present invention, such as a pool cue. a stylus, 
d iuystick, a steering wheel, a knob, a grip, a medical instzument (laparoscope, catheter, etc.), and 
so on. 

Additional niech^nir.;il apparatuKe.*; can be coupled between transducer system 10 and user 
object 18 to provide additional stability to the motion of object 18. Also, mechanical apparatuses 
ran add additional degrees of freedom to object 18. In such an embudinienc, each piuvidcd degice 
of freedom preferably includes its own transducer system 10. 

Figure lb is a schematic illustration of an alternate embodiment 10' of the transducer 
system shown in Figure la. System 10' is mure appliutblc for fluids such as liquids and gases 
other than air. System 10' includes a damper assembly 12', sensor 14, and t]5;er object IK for 
inicifaciiig with computer system 16. Sensor 14, computer system 16, and user object 18 ore 
siibstanTi;^lly similar to the corresponding components of system 10 as described with reference lo 
Figure la. 

Damper assembly 12' includes a piston assembly 20' and a valve 22\ Piston assembly 20' 
includes cyUnder 24*. piston 26. piston rod 28a, piston rod 28b, orifice 27, <utd uriGcc 29. The 
piston 26 and piston rod 28a operate substantially the same as described with red'erence to Figure 
la. Piston rod 28b is additionally coupled to the opposite side of piston 26 from rod 28a and 
e.ytends through an apemire :v2h in cylinder 24'. Rod 28h is provided to balance the volume of 
fluid 39 on both sides of piston 26 within cylinder 24* ond thus allow an equal diimping resistance 
to be provided to obje^:! 18 in both directions along axis 36. Since system 10* typically is used for 
closed systems in which a fluid is not desired to escape from cyUnder 24\ seals 41 are preferably 
provided between apcnures 32a and 32b and the piston rods 28a and 28b, respectively, to prevent 
any fluid lealcages through apertures 32a and 32b. 

c:ylinder 24' includes two orifices 27 and 2v instead of the single orifice 34 of Figure la. 
Orifice 27 leads to duct 31, which extends from cylinder 24' to valve 22'. Dua 31 is preferably 
coupled to a first pon of valve 22'. Similarly, orifice 29 leads to duct 33. which extends from 
cylinder 24' to die second port of valve 22\ Orifices 27 and 29 are arranged such that one of the 
urificcii is uctti one cud uf cylinder 24', and the odicr orifice is positioned ncaj: the opposite end of 
the cylinder. The space between the cylinders is the allowed movement range for piston 26 along 
the linear degree of freedom indicated by axis 36, as explained below. 
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Damper assembly 12' functions as a closed loop system, i.e., a fluid is allowed to flnw in a 
closed loop. When piston 26 is moved by tbe user In a direction indicaied by arrow 35, fluid 39 
can flow from the imcrior of cylinder 7A at the "front" of the cylinder, through orifice 27, through 
valve 22' (when the valve \^ open), and inio the interior at die "back" of the cylinder through 
5 orifice 29. Likewise, when piston 26 is moved in a direction opposite, to that of arrow 35, fluid 39 
moves fmm the interior of cylinder 24\ through uiiflce 29, through valve 22', through orifice 27. 
and back into the cylinder 24'. The piston is thus "double acting" in that fluid on both sides of ihc 
piston is caused lo flow when ilie piston is moved. 

Valve 22' is can be controlled by computer system 16 to alter the amount of fluid flowing 
10 through the valve. Computer system 16 can send signals over bus 56. as described in Fi)»urc la, 
to adjust the 5t6c of an orifice in valve 22' by preferably controlling a solenoid or other 
electromec.hi^nical device. In one embodiment, valve 22* is an uii-off valve having two states: fuU 
fluid flow (open) and substantially no fluid flow (closed). In the qpen valve state, fluid Is allowed 
to Creely flow from duct 31 to duct 33 or vice-vcrsa. In the closed valve state, the passage between 
15 the ducts is blocked, allowing no fluid flow. I hus, pi.^ton 26 and handle 18 can be niuvcd iu (lie 
provided dc^^cc of freedom if the computer system controls valve 22' to open, and the 
pistonyhandle. provided with maximiun damping resistance when valve 22' is closed. 

As described with reference to Figure la. valve 22* can also be iuiplcineated as a sctvo 
valve that can more finely control the size of its orifice. An analog voltage signal (or sampled 
70 digital signal) can be applied by computer system 16 for Incrementally controUmg the cross- 
sectional size of the valve's passageway/orifice based on the vntr^tge, thus allowing fluid flow to be 
controlled to a finer resuludun thaj) when using on-off valves. 

The clu^eJ-luop embodiment of Figure lb is cspcciiiliy suitable for hydmulic dampers in 
which fluid 39 is a hquid (including an electrorheological liquid, as described below in Figure Ic), 
25 as well as dampers in which fluid 39 is a gas odier than air. In such damper systems, the fluid 39 
is normally provided in a closed system so that the fluid due$ not continually have to be replaced 
with new fluid from a fluid source. 

Figure Ic is a schematic illustradon of an alfemate embodiment 10" of the transducer 
system shown hi Figuie lb. System 10'* includes a damper assembly 12", sensor 14, and user 
30 object 18 for interfacing with computer .system 16. Sensor 14, computer system 16, and user 
object 18 arc substantially similar to die corresponding components of system 10 as described with 
reference to Figures la and lb. 

r^amper assembly 12" includes a piston assembly 20'*. Piston assembly 20" includes 
cylinder piston 26', and piston rod 28. Cylinder 24" is pmvided with one aperture 32. 
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which is closed lo fluid leakage by seals 41. No valve is included in damper assembly 1 2". for 
reasons described below, piston 26' is prcfciably provided with at least one apcztiirc 43. A fluid 
39* flows through the apeiTure(s) 43 when pii^ton 26' is moved along axis 36. as Indicated by 
arrows 45. Apertures 43 can have a reetongulor, circular, or other cross-sectional shape. Each 
5 apertwrft preferably includes electrodes 47. as described below wiili rcfacncc to Figure Id. Wrcs 
49 coupled to the electrodes can be routed from piston 26\ along (or inside) piston rod 28, and om 
to computer system 16. 

Damper assembly 12 * is a closed sysieiii, and is therefore appropriate for non-air fluids 
such as liquids. Preferably, the transducer system 10" of Figure 1c can control the damping 

10 resistance provided lo Uic motion of user object 18 without changing the size of apertures 43. 
Instead, the flow of the fluid can be controlled by changing the properties of the fluid itself. More 
specifically, fluid 39' provided within cylinder 24" is preferably an "electrorheological fluid**, 
which is a fluid thpf has a viK;co.<;ity that can be changed electronically. If an elcciric field is applied 
to an electrorheological fluid, the viscosity of the fluid can be changed. By changing the viscosity 

13 of fluid 39'. the fluid will flow at a diflercnl rale dirough apertures 43 when the piston 2& is 
moved by the user, thus allowing the damping resistance tn ui^er object 18 to be controlled, 
Elecu'orheological fluids are well known to those skilled in the art For example, these fluids are 
describexJ by W. Win.?low in U.S. Patent 2,417.850 and U.S. Patent 3.O47.507. 

Figure Id is a side vje.w along line Id-ld of Figure Ic and shows an example of using 
20 apertures and electric fields to control the viscosity of an electrorheological fluid. Piston 2& can 
include a single aperture or multiple apertures 43a. 43b, 43c, and 43d. Elccirodcs 47 aie 
positioned within each aperture 43a-d. Computer system 16 can be coupled to electrodes 47 hy 
buses 49 aiid send aii diialug ox digital voltage to the electrodes to apply an electric field to the 
apejturps 43;^-d. The electric tlcld, in turn, raises the viscosity of fluid 39' flowing through the 
25 apertures 43. Tiiis will increase the damping resistance applied to user object 18 in an on-off type 
of resistance, similar to on-off valves described above. In addition, die cuiupulcr syiicui can vary 
the voltage applied to electrodes 47 to vary the viscosity of the fluid through an aperture 43 to a 
desired degree, similar Lu the scrvu vaJvc described above. 

The multiple apcituics 43a-d can be provided in piston 26' lo dampen the motion of object 
30 18 in discrp.tp. magnirurie5;. For example, an electric field can be applied to small apercure 43a lo 
cause only the fluid flowing tiirough aperture 43a to raise its viscosity. An electric field can also be 
applied to large apermre 43d lo raise the viscosity of the fluid only flowing Uiiuugh apcnurc 43d. 
Since aperture 43d is larger than aperture 43a, more fluid can flow with the same electric CeJd 
applied, su dial llic user will feci a lesser damping resistance when the electric field is applied to 
35 aperture 43d. Various apertures 43a-d and various voltage levels can be used to greatly vary the 
domping resistance to object 18. 
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It Should be noted that no external ducu» ur udiei oiiflcc^ arc icquincd for the system 10" of 
Figure Ic. However, electroiheological fluids can also be used in the embodinieni of Figure lb 
with ducts 31 and 33. EicclroJes can be used within valve 22' or in place of valve 22' to control 
the viscosity of the fluid and thus control fluid flow. 

In an altematie embodiment, the apertures 43a-d in piston 26* can be altered in size, for 
example, by using valves similar to valve assembly 22 as described - above or other 
electromechanirAl devices. 

Fignm 2 i.^ an illustration of a aansducer system 37 s^iiuilar to die system 10 shown in 
Figure la. System 57 includes a damper assembly 59, sensor 14. and user object 1 K. similar to 
system 10. for interfacing with computer system 16. Scosor 14, computer system 16, and user 
object 18 are substantially similar to the corresponding components of system 10 as described with 
reference to Figure la. 

Dttuijxr assenibly 59 includes a piston assembly 20 ond a valve assembly 58. Piston 
assembly 20 is substanrialiy similar to the piston assembly described with reference to Figure la 
and includes cylinder 24, piston 26, piston rod 28, and orifice 34 in cylinder 24. Object 18 is 
coupled u> piston 26 by piston rod 28 to provide a ^i^le liiieai* degiee of freedom to the object. 
This degree of freedom is indicated by axis 36. Fluid 38 flows through orifice 3d and duct 4(1 of 
cylinder 34 when piston 26 moves in die degree of ftccdom. 

Valve assembly 58 includes valves 22a, 22b, and 22c. These valves arc coupled in o series 
arrangement such that all three of the valves can be controlled to channel fluid 38 through a desired 
port. In the described example, each valve 22a, 22b. and 22c is an on-off valve that guides fluid 
38 to one of two pons. Valve 22a is coupled to duel 40 and ciUicr guides fluid 38 to open port 60 
or to coupling port 62. Open port 60 provides an orifice of maximum sue. so rhaf if the fluid ic 
guided through port 60, piston 26 moves freely with the least damping resistance. If open port 60 
is nor selected, then coupling port. 62 \^ .selected, and fluid 38 is channeled to valve 22b, 

Valve 22b is coupled to port 62 and guides fluid 38 either through restricted port 64 or to 
coupling port 66. Valve 22b is only operative to adjust fluid flow if coupling port 62 of valve 22a 
is selected. Resulcted port 64 of valve 22b has a smaller, pariially-closed oriflce than the orifice of 
port 60 GO that the flow of fluid 38 through the port is more restricted that the flow through open 
port 60. This provides a greater degree of Uaxnpinjt; rcii:>iaiice to die irKyvcmcnt of piston 26 and 
thus user object 18. If restricted port 64 is not selected, then coupling port 66 is selected, and fluid 
38 is channeled to vaJve 22c. 

Valve 22c is coupled to port 66 and gxiidcs fluid 38 cither through restricted port 68 or 
allows no nuid flow with closed pon 70. Valve 22c is operative lo adjust Ouid flow only if 
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coupling port 62 of valve 22a is selected and coupling pon 66 of valve 22b is selected. Restricted 
port 68 has a portiolly closed orifice that has a smaller opening than restricted pnrt tiA of valve 22b. 
The flow of fluid 38 throuxh pun 68 is thus restricted to a greater degree than the flow through 
port 64. so that port 68 causes a greater dftgree of damping resistance than pon 64 to the movement 
of piston 26 and user object 18. If closed port 70 is instead selected with valve 22c, then the flow 
of fluid is completely hailed, providing the maximum damping resistance lo the luuvcmcni of 
piston 26 and object 18. Ideally, piston 26 would not be able to move if closed port 70 were 
selected: however, due to fluid leakages and fluid compression in the componcnu of the system, 
piston 26 may have a small (negligible) amount of mnvennent when closed port 70 is selected. 

Computer system 16 is coupled to valves 22ft, 72b. and 22c by buses 72. 74. and 76. 
respectively. As described above with reference to Figure la, computer system 16 can provide 
electrical signals to valves 22a, 22h. and 22c to control the selected pons of the valves. 
Preferably, a solenoid for each valve is controlled by computer system 16 to switch between the 
two pons of each valve. In other embodiments, additional valves can be coupled iu scries to the 
closed port 70 of valve 22c, for example, to provide additional ports with different orifice sizes. 
Fluid flow and thus the damping resistance lo piston 26 can thus be controlled with greater 
resolution. In still other embodiments, a servo valve, (as described above) can he used for one or 
iuorc of valves 22a, 22b, and 22c to provide a variably-sized port orifice and thus o higher 
resolution in ;idjnsfing the tlow of fluid 38. 

Figure 3a is an illustration of a u^ansducer system 61 similar to the systems 10 and 57 
shown in Figures la and 2, respectively. System 61 includes a damper assembly 63, sensor 
and user object 18 interfaced with conipuicr system 16, similar to system 10. Sensor 14, computer 
system 16, and user object 18 are substantially similar to the corresponding components nf system 
10 as described widi nefcrencc to Figure la. 

Daiuper assembly 63 includes a piston assembly 20 and a vaJvc assembly 80. Piston 
pssftmhiy 20 is suhsrantially similar to the pi.ston assembly described with reference to Figures la 
and 2 and includes cylinder 24, piston 26, piston rod 28, and orifice 34 in cylinder 24. Object 18 
is coupled to piston 26 by piston rod 28 to provide a single linear degree uf frecduni isj the object, 
as indicated by axis 36. Fluid 38 flows through orifice 34 and duct 40 of cylinder 34 when pifirnn 
26 muvc5 in tlic dcgix^e of fieedom. 

Valve assembly 80 includes valves 22a', 22b\ and 22c'. These valves arc coupled in a 
parallel arrangement such that all three of the valves can be controlled to guide fluid 38 to a dcsirtd 
port. This is in contrast to the series arrangement of valves shown in Figure 2. 
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Id the described e.vample. fluid 38 flows (hrough Juci 40 and through a junction 82. 
Junction 82 is a thrcc-way junction in the described embodiment; genericaUy. junction 82 can be m 
n-way junction, where n is the number of val>-cs being used in valve assembly 80. Junction 82 
routes a portion of fluid 38 into through valves 22a'. 22b\ and 22c' Uiruuiih cori^ponding 
S channels 84a, 84b. and 84c, lespcctivcly. The size of the portion of fluid 38 that flows Through 
each channel 82 is dependent on the amount of fluid flow allowed duough each valve, as described 
below. 

Valves 22a\ 22b\ and 22e* ore shown as on-off valves that guides fluid 38 to one of two 
ports on esich valve. Valve 22a* is coupled to channel 84a and either guides fluid 38 to open port 
10 86 or stops fluid flow with closed port 88. Open port 86 has an orifice of maximum size so that if 
the fluid is guided through pon 86. and the other valves 22b' and 22c' ore closed, piston 26 moves 
fteely with the least damping resistance. Otherwise, if valve 22a' Is closed (i.e. closcsd poxt 88 is 
selected), die fluid 38 docs not flow through volv© 22a.* 

Valve 22b' is coupled to channel 84b and either guides fluid 38 through restricted port 90 
15 or stops fluid flow with closed port 92. Restricted port 90 h^Li a partially-closed orifice, similar to 
port 64 of Figure 2, which restricts fluid flow through valve 22b' to a greater extent than open pon 
86 restricts fluid flow through valve 22a'. Thus, if fluid is guided through port 90. and valves 
22a' and 22b' are closed, a greater damping resistance is generated on the movemeni uf pisiou 26. 
Oilierwisc, the fluid does not flow through valve 22b' if closed port 92 is selected. 

20 Valve 22c' is coupled to channel 84c and guides fluid 28 either through restricted port 94 or 

srnps fluid flow with closed port 96. Resuicted purl 94 has a partial-closed orifice that is smrdler 
than the orifice of restricted port 90 of valve 22b'. Thus, port 94 m.^rricl'; the flow of fluid 38 to a 
greater extent than pen 90. Wicn valves 22a' and 22b' are closed, port 94 creatas a greater 
damping resistance on the movement of piston 26. If closed port 96 of valve 22c' is selected, no 

25 fluid fluw^ ilirough valve 22c'. 

Valves 22a', 22b\ and 22c' can be set to operate singly or in conjunction with all valves. 
When operating singly, a selected valve can be opened while all other vdlvcs can be closed. This 
causes ail of the fluid 38 to be routed to the open valve only. Flour flow rare5; can be selected 
using this method (where the selected pon is fully open, restricted, more restricted, or closed). 
30 Alternatively, one or more valves can be opened simultaneously to provide additional flow rates. 
A total of ei^lK diffaent flow rates can thus be selected. For example, valves 22a' and 22b' can be 
opened while valve 22r.* is clo.sed, causing a damping resistance to piston 26 lusviii)^ a magnitude 
between the magnitudes of resistance generated by open valve 22a' alone and open valve 22h' 
alone. 
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Compiire.r system 16 preferably controls valves 22a\ 22b\ and 22c' similarly as described 
Willi respect to Figure 2. Electrical signals can be output on buses 97. 98, and 99 to control valves 
22a'. 22h\ and 22c\ respectively. Valves 22a', 22b' and 22c* can each be controlled by a 
solenoid that opens/closes the valve. Computer .system 16 also receives an electrical sensor signal 
5 on bus 50 from sensor 14 lo detect the position of object 14 in the provided degree of freedom. 

In aliemare embodiments, as described above, additional valves can be included in valve 
assembly SO, where a junction having the appropriate number uf cbaiuiels is provided. Also, the 
scries aiiaiigemcnt of valves in Figure 2 and the parallel arrangement of valves in Figute*3a can be 
combineH into a single embodiment for a greater vadety of selectable flow rates. In oddition, one 
10 or more of valves 22a\ 22b* and 22c' can be implemented as servo valves that respond to an 
analog voltage and vary the size of orifices of the valves with a much higher resolution. 

Figure 3b is a schematic illustration of an alternate embodiment 61' of the transducer 
systems 10' and 61 shown in Figures lb and 3a. System 61' is a closed loop system and includes 
a damper assembly 63*, sensor 14, and user object 18 for interfacing with computer system 16. 
IS Sensor 14, compufer system 16, and user objea 18 arc subsianually iiniilai- to the corresponding 
components of system 61 os described with reference to Figures la and 3a. 

Damper assembly 63' includes a piston assembly 20' and a valve assembly MO*. Piston 
a.<sembly 20* includes cylinder 24\ piston 26, piston rod 28a, piston rod 28b, orifice 27, and 
orifice 29. The piston 26 and piston rods 28a and 28b operate substantially the same as described 

20 with reference ro Figures la and lb and include seals 41 to prevent fluid leakages through 
apertures 32a and 32b. Like transducer sysfem 10' of Figure lb. cylinder 24' Includes two 
urificcs 27 and 29 instead of a single orifice. Orifice 27 leads to duct 31', which extends from 
rylinder24' to vaJve assembly 80'. which Includes valves 37<i, 37b. and 37c. Duct 31* is an n- 
way junction that is preferably coupled to a first port of n valves 37a, 37b. and 37c, Similarly. 

25 orifice 29 leads to duel 33', wliicl) extends from cylinder 24' to the second port of valves 37a, 
37b, and 37c. Orifices 27 and 29 are arranged such thai one of the orifices is near one end of 
cylinder 24\ and the other orifice is positioned near the opposite end of the cylinder, as described 
with reference to Figure lb. 

Damper assembly 12' functions as a closed loop sysicui as in Figure lb. When piston 26 
30 is moved by the user in a direcuon indicated by arrow 35, fluid 3^ can flow from the interior of 
cylinder 24' at the "frunt" of the cylinder, through orifice 27, dirough valves 37a, 37b, and/or 37c 
(if the particular valve is open)» and into cylinder 24* through orifice 29. Likewise, when pisLun 
26 is moved in a direction opposite to that of arrow 35, fluid 39 moves from the interior of cyUndci 
24\ through orifice 29. through valves 37a, 37b, and 37c. through orifice 27, and back into the 
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cylinder 24'. As described with reference 10 Figure lb. Ihe closed loop system of Figure 3b is 
muse suiublc for damping systems using fluids other than air. 

Valves 37a, 37b and 37c of valve assembly 80' can be controlled by comptiter sy/item 16 to 
alter the amount of fluid flowing through each of the valvw. Computer system 16 can send signals 
5 uvcr buses 97, 98, and 99, to adjust the size of an orifice, in valves 'i7a, 37b, and 37c. 
respecrivftly. Tn an embodiment where the valves are on-off valves, each valve 37a, 37b, and 37c 
can be provided with a differently-sized orifice. The amount of fluid flow can thus be controlled 
similarly as described widi reference Figure 3a by opening valves 37a, 37b, and 37c singly or in 
conjunction to provide eight different possible flow rates. In other embodirncuu, sei vo valves can 
10 be used as described above to provide a much greater selecdon of flow rates. In yet other 
embodiments, mnre valves 37 can be added to provide additiuual flow rates. 

In an altexnate. embodiment a electrological fluid 39* as described witli reference to Hgure 
Ic can be provided within cylinder 2i\ Electrodes can be included in. valves 37fl-c (or in place of 
valves 37a-c) to allow computer system 16 to control the viscosity of the fluid 39* and thus the 
1 5 damping resistance to die movement of object 18. 

Figure 4a is a schematic illustratioo of an interface system 100 in which two degrees of 
frecduxn aic provided to user object 18. Two uransduccr systems 10a and 10b as shown in Figure 
la are included to provide rwn linear degrees of freedom to the object. Transducer by stem 10a 
includes a damper assembly 12o and a sensor 14a, and transducer system 10b includes a damper 
20 assembly 12b and a sensor 14b. A computer system 16 (iioi shown) is preferably coupled to the 
transducer systems 10a and 10b as shown in Figure 1a. 

As in Figure la, each damper assembly 12a and 12b preferably includes a piston assembly 
20a and 20b and a valve 22a and 22b. Piston assemblies 12a and 12b and sensors 14a and 14b are 
grounded. A piston 2fr»a and 26b moves along a linear degree of freedom, indicated by arrows 36 
25 and 37, respectively, within cylinders 24q and 24b, respectively. Valves 22a and 22b are 
preferably controlled by computer system 16 to change the damping resistance to the motion of 
piston 26a and 26b, respectively, 

A flist end of piston rod 28a is coupled to piston 26a. and a second end of pi.<^tnn rod 28a is 
coupled to a firbi cud uf Joiiu nicmbcr 101a. A rotary joint 102a couples the piston rod 28q to joint 
30 member 101a that allows joint member lOU to rotate about floating axis Z\, as described below. 

A second end of joint member 101a is rotiitably coupled to a second end of joint member 101b by a 
rotary joint 103. User object 18 is preferably coupled to joint member 101b (or 101a). 

nston assembly 20b has equivalent components to piston assembly 20a. Piston 26b is 
coupled to piston rod 28b, which is rotaiably coupled to a first end of joint memher KHh hy a 
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rotary joint 102b. Joint member 101b can thus rotate about floating axis Z2. The second end of 

joinT member 101b is rotatably coupled to the second end of joint member 101a by a rotary joint 
103, which provides an axis ot rotation Z3. 

Object 18 con be moved by a user along linear axi.^i 3ft or linear axis 37. When object 18 is 
S moved along axis 36 tuwwl or away from valve 22a, then piston 26a, piston rod 28a, and joint 
member 101a are. correspondingly moved toward Of away ftom valve 22a and icUmi the same 
tclaiive posidon as shown in Figure 4a. However, joint member 101b rotates about floating axis 
Z2 and floating axis Z3 in iiucordancc with the movement of joint member lOla. Likewise^ when 

object 18 is moved along axis 37 toward or away from valve 22b, then piston 2fih, pt.cton md 28b, 
10 and joint member 101b are correspondingly moved toward or away from valve 22b and retain the 
positions as shown in Figure 4a. Joint member 101a rotates about floaiiiig axes Zi and Z3 in 

accordance with die luovejucnt of joint member 101b. When object 18 is moved simultaneously 
along both atis 36 and 37 (e.g.. object 18 is moved diagonally), dicn both joint mcnibcrs 10 la and 
iOlb rotate about their respective oxes. 

15 Figure 4b is a perspective view of the interface system 100 of Figure 4a. Piston rods 28a 

and 28b and joint members 101 a and 101b are preferably rectilinear iiiembcr>> dial inay be rotatably 
coupled to each other at flat surfoces of the members with rotary couplings or hinges lC)2a» 102b, 
and 103. In the described embodiment, one joint member 101a is coupled under piston rod 28o 
and the otherjoint member 101b is coupled over piston rod 28b. Alternatively, the piston rods and 
20 joint members can be coupled together in many different conflgurations. Object 18 can be many 
types ot objects, and is shown as a joystick in Figure 4b thai is coupled lu joint meaiber 101b. 
Sensors 14a and 14b are preferably coupled to joint members lOlaand 101b, respectively, but are 
not shown in Figure 4b. 

Figure 5a is a schematic diagram of an aliciuaie eaibodimcnt 100* of the interface system 
25 100 shown in Figure 4a using transducer system 10 ot Higure la. In Figure Sa. two transducer 
:»y5lcuis 10a and 10b as shown in Figure la are included to provide two linear degrees of freedom 
to object 18. Transducer system 10a includes a damper assembly 12a and a sensor 14a, and 
transducer system 10b includes a damper assembly 12b and a sensor 14b. A computer system 16 
(not shown) is preferably coupled to the u^sducer systems 10a and 10b a> shown in Figure la. 

30 As in Figure 4a. each damper assembly 12a and 12b of Figure 5a preferably includes a 

piston assembly 20a and 20b and a valve 22a and 22b. Piston assemblies 12a and Vlh and. sensors 
14a and 14b are grounded. A pisiou 2Ca and 26b moves along a linear degree of freedom, 
indicated by arrows 36 and 37, respectively, within cyhnders 24a and 24b, respectively. Valves 
22& and 22b arc prcfciBbiy controlled by computer system 16 to change the damping resistance to 

35 the motion of piston 26a and 26b, respectively. 
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Pi.«mn rod 104a is a flexible member, picfciably made of a xesilient mnieriol such as 
flexible plastic, rubber, metal, or the like. As shown belnw in Figure Sd. piston rods 104a and 
104b are preferably nairow in die dimension that the rod is to flex, and wide in the dimensions in 
which the rod is to remain rigid. A rigid mftmher 107a couples piston rod 104a to pislon 26a. 
Rigid member 107a provides a rigid surface to couple sliding member 46a of sensor 14a to the 
piston 26a. In other embodiment.^, .^nsor 14a can be placed In other posiliuus wlQiout having to 
use sliding member 46a (such as inside cylinder 24a), thus permitting rigid member 1 07a ro have a 
shorter length. Piston rod 104a Is rigidly coupled tu an object member 105 at the other end of the 
piston rod. Member 105 can be a part of object 18 or a platform or other base for supporting 
object 18. 

Damper assembly 12b is coupled to object 18 in a similar manner. Rexible piston rod 
104b is coupled to piston 26b hy rigid member 107b, and sliding member 46b of sensor 14b is 
coupled to rigid member 107b. Flexible piston rod 28b is coupled to object membex 11)5 at its 
othftf end. 

Object 18 can be moved by a user along linear axis 36 or linear axis 37. Piston rods 28a 
and 28b flex appropriately as the object is moved, as shown below in higures 5b and 5c. 

Figure 5b shows the movement of object 18 in a single linear degree of freedom using 
interface system 100'. Objca 18 and member 105 are moved in the direcdon of arrow 93. Piston 
rod 104b does not flex since, the direction of movement is directed down (substantially parallel lu) 
tlic longitudinal axis of the piston rod. However, since piston assembly 203 is grounded and fixed 
in place, piston rod 28a bends as shown in Figure 5b. Tliib occuis when the direction of 
movement of object 18 is substantially perpendicular to the longitudinal axis of piston rod 28a. i.e. 
when object 18 is moved in the lincai* degiee of freedom indicated by arrow 37 in Figure 5q. 

Figure 5c shuw^i Uic uiovcmeiU of object 18 in the other linear degree of freedom using 
interface system 100'. Object 18 and member 105 are moved in the direction Of arrow 95, 
Similarly as described in Figure 5b, piston rod 104q does not flex since the direction of movement 
is direcrert substantially parallel to the loogiwdlrial axis of piston rod 104a. Piston rod 28a, 
however, bends as shown when the direction of movement of object 18 is substaniialJy 
perpendicular to the longlmdinal axis of piston rud 28b. i.e. when object 18 is moved in the linear 
degree of freedom indicated by arrow 36 in Figure 5a. 

When object 18 is moved simultaneously along both :ify and 37 (e.g.. object 18 is 
niuvcd diagonally, Uien boUi piston rods 28a and 28b flex in conjunction with the movement. 

Fi^curc 5d i^ a pciipccuvc view of the interface system 100' of Figure 5q. Piston rods 28a 
and 2Xb and rigid members 107a and 107b can be recdlinear members or have cross secuuns of 
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other sh^ipfts. Preferably, piston rods I04a and 104b are narrow in the dimension in which the rod 
is to flex when object 18 is moved, and wide in the dimensions in which the rod is to remain rigid. 
For example, piston rod 104a has a relatively unall width in tiie dimension of axis 37, since rod 
IWa flexes in that dimension. Conespondingly, rod IOAa has a realtively large width in the 
5 dimension of <uis 36 and in the dimension of axis Z, since rod 104& preferably does not flex in 
those dimensions. Pisrnn mds I04a and 104bb are rigidly coupled to member 105 ai one end. 
Object 18 is shown as a joystick in Figure 5d that is coupled to object member 105, Sensors 14a 
and 14b are preferably coupled to rigid members 107a and 107b, rcspctiively, but aie not shown 
in Figure Sd. 

10 Figure 5e is a perspective view of interface system 100' of Figure 5a in which a stylus- 

receiving user object 18 is provided. TIic interface system of Figure 5c functions as described with 
reference to Figures 5a-5d. However, user object I K is implemented as a stylus-receiving object 
111, which is preferably a flat, small object that includes a stylus aperture 111a. As shown in 
Figure 5f, a stylus 1 15 or a similar pointed article can be insened into aperture 1 1 la by a user. The 

15 user can then move the stylus 1 15 along a provided degree of freedom indicated by arrows 1 19, 
which causes object 1 1 1 to accordingly move in ihe same direction. AliCTnaiivcly, stylus 1 15 cau 
be permanently eoupled to object 111. 

The embodiment of Figure 5e can be used in a writing interface wherr. the user uses thft 
interface to write words input to a computer system, or in a poindng interface to direct and move 
20 computer-implemented objects. The object 1 1 1 alone can be considered the "user object" 18 in this 
embodiment. Alternatively, both stylus 115 and object 111 can collectively be considered user 
objea 18, particularly in embodiments where stylus 113 Is pcrmanenily fixed to object 111. 

Figure 3g Is a perspecUve view of Interface system 100' of Figure 5a in which a finger- 
receiving user object 18 is provided. The interface system of Figure 5g functions as described 
with irfciience to Figures 5a-5d. In tliis embodiment, user object 18 is implemeiitBd as a fmgei- 
receiving object 1 13, which includes a divot 1 13a. As shown in Figure 5h, a user may insert his 
or her finger into divot 1 13a and thereby move object 1 13 in the provided degrees of freedom as 
indicated by arrows 1 19. Divot 1 13a allows the user's fmger to cling to the object 1 13 when the 
user's finger is moved. In other embodiments, features other than or in addition to divot 1 13a can 
be pruviUcU on rm>?cr-rcccivinK objccl 113 tu allow the unci's fuu^cr lu clin^ lu Ihc ubject. Fur 
example, one or more bumps, apertures, or other projections can be provided. Also, other digits 
or appendages of the user can be received, such as a user's entire hand, foot. etc. The interface of 
Figure 5g can be used to aUow the user to move, point to, or otherwise manipulate computer 
generated objects in an easy, natural fashion. 
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Figure 6a Ls a schematic illustration of a inuisducer system 106 sensing a rotary degree of 
freedom of on object and providing a passive damping resistance to the motion Of the object. As 
shown in Figure 4a. interface xysicm 106 is applied to a mechanism having one degree of freedom. 
OS shown by arrows 107. Embodiments in which system 106 is applied to systems having 
5 additional degrees of ftecduui are described subsequently. Transducer system 106 includes a 
passive damper assembly 108. fi sensor 1 10, and an optional play mechanism 1 14. A cuiapuier 
Jiystcui (not shown) is preferably coupled to the transducer system 106 smular to the ejnbodimejifs 
shown in Figures 

Dampex assftmhiy 10* transmits a resistive force (ix., diag) to an object 18 and includes a 
10 piston assembly 116, a valve 118, and arotadng member 120. Piston assembly 1 16 includes a 
cylinder 122. a piston 124, and a piston rod 126. Piston 124 moves along a linear degree of 
freedom within an interior of cylinder 122. as indicated by axis 128. Cylinder 122 is grounded, 
as shown by symbol 123. A fluid flows through an orifice 130 at the far end of cylinder 122 when 
piston 124 is moved within the cylinder. Valve 118 controls the fluid flow by selecting one of 
15 multiple ports 132 which provide orifice openings of varying widdis. The movement of piston 
124 can thus be influenced by a dampinK resisituice related to the amount of fluid flow allowed 
through valve 118. Additional valves be coupled to valve 118 in series or in parallel, as 
described above, to provide additional amounts of damping resistance to the movement of piston 
1?4. Pisron assembly 116 and valve 1 18 can thus be Implemented as described above iu any of the 
20 previous embodiments of Figures la, lb, 2, 3a, or 3b. In addition, pistxin assembly 116 can he 
implemented using eleororheological fluids as described above with reference to Figure Ic. 

Rotating member 120 is coupled to piston 124 by piston rod 126. In the described 
embodiment, piston rod 126 is coupled to piston \7A hy a hall joint 134 ai one end of the piston 
rod. Similarly, piston rod 126 is coupled to rotating member 120 by another ball joint 136 at the 
25 other end of the piston rod. The hall joints 134 and 136 allows the piston rod to move ai an angle 
with respect to the surfaces to which it is attached, thus permitting rotational movement of rotating 
member 120 to be converted into the linear movement uf pisiun 124, as dc^iionsuated in Figure 4b. 
Other types of connections can also be provided to rotatably cx^nnert fh£> piicrnn to the mtatable 
uicuibci , as is well known to those skilled in the art. 

30 RuLaiIn]4 iiicuiber 120 is ligidly coupled to a main shaft 140 which extends from rotating 

member 120 to sensor 1 10. Rotating member 120 and main shaft 140 can be rotated about an axis 
A. Damper assembly 108 provides a rotational damping resistance or frictionol foroe (i.e. drag) on 
main shaft 140 in the provided rotary degree of fteedom, shown by arrows 107. Damper 
assembly 108 is thus passive and cannot provide an active force to shaft 140 (i.e., damper 

35 assembly 108 caimot input energy iniu the sysicut iu cau&e shaft 140 co rotate). Thus, an external 
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rnrarionai torce, such as a force generated by a user, is applied to shaft 140. and passive damper 
assembly 108 provides a damping resistance to that external roUtional force. 

Sensor 110 is preferably rigidly coupled to shaft 114 and senses bi-directional rotary 
motion of iimia shaft 114 about axis A. Sensor 110 preferably provides a electrical signal 
indicating the rotational position of shaft 1 14 and is. preferably grounded as indicated hy symbol 
142. In the described embodiment, sensor 110 is a digital optical encoder vvhich provide signals to 
meastire the angular rotation of a shaft of the sensor. Tn alternate embodiments, sensor i 10 can be 
separated from object 18 and shaft 114. For example, a sensor having on emitter and detector of 
electromagnetic energy might be disconnected from the rest of transducer system 106 yet be able to 
detect the rotational position of object 18 using a beam of electromagnetic energy » such as infrared 
light. Similarly, a maxneiic sensor could detect the puMtiuu uf object 18 while being uucoupled to 
shaft 1 14 or object 18. The operation of such sensors are well-knnwn to those skilled in the art. A 
suitable sensor for the transducer system 106 is opdeal encoder model EZ marketed by U.S. 
Digital of Vancouver. Washington. 

Sen.snr 1 10 has a sensing resolution, which is the smallest change in rotational position of 
coupling shaft 1 14 that the sensor can detect. For example, an optical encoder of the described 
embodiment may be able to detect on the order of about 3600 equally-spaced "pulses" (described 
below) per revolution of shaft 114, which is about 10 detected pulses per degree of rotational 
movement. Thus, the sensing resolution of this sensor is about 1/10 degree in this example. In an 
alternate ernhndiment deccrihed helow, it is desired to detect the desired play between damper 
assembly 108 and object 18, and this desired play should not be less than the sensing resolution of 
sensor 1 10 (e.g.. 1/10 degree). Preferably, the desired play becweeo damper and object would be 
at least 1/5 degree in this example, since the encoder could then detect two pulses of movement, 
wlticlj would piuviJc a xuurc iclidblc lueaiiuicnicui and allow ilic diicctiou of die uiovcmciit to be 
nnnre easily determined. 

Object 18 is rigidly coupleji to m»vn shatr 114, Objert 18 can talcR a varie.fy of tonms, as 
described in previous embodiments, and can be direcdy coupled to main shaft 114 or can be 
coupled through other intermediate members to shaft 114. As object 18 is rotated about axis A. 
shaft 1 14 is also rotated about axis A and sensor 1 10 detects the magnitude and direcdon of the 
lotation of object 18. 

In an alternate cinbudiincnt. a cuuplinj; 1 14 for introducing a desired aiiiout uf "play" can 
be included in interface 106. preferably positioned between the sensor 110 and the damper 
assembly 108. In this embodiment, main shaft 140 extends from sensor 1 10 to coupling 1 14, and 
a separate damper shaft 144 extends from coupling 1 14 to rotating memljer 120. Coupling 114 is 
rigidly coupled to main shaft 140 and non-rigidly coupled to damper shaft 144. Coupling 1 14 can 
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be considered to be pan of damper assembly 106 (i.e.. a "braking mccksinisin'*). Rotating member 
120 is rigidly coupled to damper shaft 1^4. 

Coupling 114 is not rigidly coupled to damper shaft 144 and thus allows an amount 
(magnitude) of "play" between damper shaft 144 and coupling 114. The tcnn "play,*' as used 
herein, refers to an amount of free movement or "looseness" beJwecn a transducer and the object 
transduced, so that, for instance, die object can be moved a abort distance by extemally-applied 
forces without being affected by forces applied to the objea by a damper. In the prcfeiml 
embodiment, the user can uiovc object 18 a short distonce without fighting the drag ixiduced by 
passive damper assembly 108. For example, damper assembly 108 caii apply a dampmg 
resistance to damper shaft 144 so that damper shaft 144 is locked in place, eveii when force is 
applied to the shaft Coupling 114 and main shaft 140, however, can still be ficecly rotated by an 
additional distance in either rotational direction due to the play between coupling 1 14 and shaft 
144. This play is intentional in Qiis embodiment for purposes that will be described below, and is 
thus referred to as a "desired" amnnnt of play. Once coupling 114 is rotated lo the limit of Uic 
allowed play, it cither forces shaft 144 to rotate with it further; or, if damper assembly 108 is 
holding (i.e.. locking) shaft 144. the coupling cannot be further rotated in dial rotational direction. 
The amount of desired play betvk^een damper assembly 108. and object 18 greatly depend*; on the 
resoluuon uf the sensor 1 10 being used, and is described in greater detail below. Examples of 
types of play include rotary bacVlflsh. such as occurs in gear systems as described in the above 
embodiments-, and compliance or torsion flex, which can occur with flexible, rotational and non- 
rotational members. An embodiment including backlash is described in greater detail below with 
reference to Figure 4c. Coupling 1 14 and/or shaft 144 can be considered f» "play mechanism" for 
providing tlic desired play between damper assembly 108 and object 18. . Object 18 can also be 
coupled directly frt cnnpling 1 14. Alternatively, sensor 1 10 can be positioned between coupling 
114 and object 18 on main shaft 140. Shaft 140 would extend through sensor 110 and can be 
rigidly coupled to object 18 at the end of the shaft. 

In this alternate embodiment including coupling 114. sensor 110 should be as rijiidly 
coupled to main shaft 140 as possible so that the sensor can detect the desired play between shaft 
144 and object 18. Any play between sensor 1 10 and object 18 should be minimir^/ i so that such 
play does not adversely affect the sensor's measurements, lyptcally, any inherent play between 
sensor 110 and object 18 should be less than the sensing resolution of the sensor, and preferably at 
least m order of magninide less than the sensing resolution. Thus, in the example above, the play 
between sensor and object should be less than 1/10 degree and preferably, less than 1/100 degree. 
Use of steel or other rigid materials for shaft 1 14 and other components, whicli is preferred, can 
allow the play between sensor 1 10 and object 18 to be made practically negligible for purposes of 
the present invention. As referred to herein, a sensor that is "rigidly'' coupled to a member has a 
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play less than the sensing resolution of the sejisor (pretierahly a negligible amount). The play 
between duupci assembly 108 and object 18 is described in greater detail below. A suitable 
encoder ro he. naed for sensor 1 10 is the "Softpoi" from U.S. DiKital uf Vancouver, Washington. 

As stated above, coupling 1 14 Is suited for medianicttl systems that include the low-cost 
5 damper assembly 108. If o controlling computer system, such as computer system 16. is to 
provide force feedback to object 18 being held and moved by a user, the computer system should 
be able to detect the direction that the user is moving thp. object even when Ihe damper assembly is 
applying maximum foiuc lu Uic object to lock the object in place. However, when using pneumatic 
passive dampers of ihe present invention which do not inberaitly allow a measunble auiouni of 

10 play, such detection is difficult. The pneumatic dampers of Figure 4a provide a resistive force or 
tiicfion to motion in both rotational directions about axis A (ix.» bi-directional resistance). Thus, 
when force from a damper prevents movement of an object in onft direction, it also prevents 
movement in the opposite direction. Tliis typically does not allow the sensors to transduce 
movement of the object in the opposite direction, unless the user overpowers the damper by 

13 provjcUng a greater force than the damper's icsisiivc force. Tliis also applies to the linear 
movement as shown with respect to Figures 1-3, Le., linear play can be implemented iiisicad of 
rotary play. Compliance or bockksh can be implemented between Unearly moving (i.e., 
translatable) components. For example* sensor 14 can be rigidly coupled to object 1 8 as shown in 
Figure la, but the connection between piston 26 and object IX can include an amount of play 

20 provided by a small spring, flexible member, etc. Or, a small amount of space can be provided 
between interlocked transl;»tflhlft components to provide play In accordance with the present 
invention. 

Tor example, object 18 may be a one-degree-of-freedom joystick used for moving a video 
cursor that moves in the direction Indicated by the Joyslick on a video screen, The user moves the 

25 cursor into a virtual (computer generated) *'wall*\ which blocks Thft motion of the cursor in one 
direction. The cuntiullin^ computer system also applies force feedback to the joystick by closing 
valve 1 18 to prevent the user from moving the joystick in the direction of the. wall, thus simulaiiuft 
die surface of the wall. If sensor 110 is rigidly coupled to damper shaft 1 14, a problem occurs if 
trie user wishes to move the joystick In the opposite direction to ilie wall. Since the damper has 

30 locked the joystick in both directions, the computer caiuiot detect wheji the user switches the 
joystick's direction unless the user overpowers the damper. Thus, to the user, the cursor feels like 
it is "stuck" to the wall. 

Applicant's introduced ("desired") play between object 18 and damper assembly 108 solves 
Qiis prublexii effectively and inexpensively. The play allows the joystick or other connected object 
35 to be moved slightly in the opposite direction even when the damper applies iiuuuututu icabtaiicc lo 
the joystick's movement. The sensor, being rigidly attached to the joystick, is not locked by the 
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damper and detects ibe change in direction* The sensor relays the movemem to the compuier, 
which opens valve 1 18 to allow the joystick ro he movex) freely in the opposite direction. Thus the 
play tncchaniBm allows "uninlircctional'* resistance to be simulated on the user object If the user 
shouirt move the cursor into the wall again, the valve would be again be similarly closed. A 
method for controlling damper assembly lOS to provide such uni- directional resistance is described 
with reference to Figure 16. 

In many embodiments of the pxesent Invention, such desired play may not be necessary. 
For example, when using pneumatic piston assembUes, there is typically an amount of play that 
inherently exists when the valve is eluded lo due air leakages in die piston cylinder and (lie 
compressibility of air. Thus, the piston will be able to be moved a small amoimt when maximimi 
damping resistance Is applied. The sensor 14 or 110 can be rigidly coupled to the object to detect 
thijQ play movement. 'l*his type and similar types of damper assemblies thus may not need coupling 
1 14 and damper shaft 144 to provide die desired play and uni-diractional resistance. 

Other devices or mechanisms besides the use of play can be used in other embodiments to 
deteatbe direction of modon of objea 18 while passive dampers are holding the objea in place. 
For example, force sensors can be coupled to the object to measure the force applied to the object 
by die user along' desiied degiees of freedom* A force sensor can detect if a usex is applying a 
force, tor example, towards the vimial wall or away from the virtual wall, and the computer can 
activate or deactivate the passive dampers accordingly. Deliberotely-introduced play between 
abject and damper is thus nor required in such an embodiment. However, such force sensors can 
be expensive and bulky, adding to the cost and size of the interface mechanism. 

Figure 6b is a schematic diagram of transducer system 106. Object 18 has been moved by 
tlic user about suis A in die diircliou iiidicaicd by arruw 146. Ai;curdingly, sliofi 140 and Uiu5 
rotating memhftr 120 rotate in the same direction, as indicated by arrow 148. This causes piston 
124 to move in the direction of anow 150. As shown in Figure 6b, ball joints 134 and 136 allow 
piston rod 126 to follow the rotational movement of rotating member 120 and cau.se the linear 
movement of piston 124 without any stress or bending of the piston rod. 

Figure 6c is a side seedonal view of damper shaft 144 and coupling 1 14 taken along line 
6c-6c uf Fiji^urc 6a as used in die alternate embodiment in which a desired amount of play is 
provided herween damper assembly 108 and object 18. In this described embodiment, rotary 
backlash ia used to provide play between damper assembly 108 and coupling 114. In alternate 
embodiments, backlash can be provided between damper i08 and coupling 1 14 using different 
components, such as gears, pulleys, etc. Damper shaft 144 is keyed and is rigidly coupled to 
damper assembly 108 (rotating member 120). Keyed shaft 144 mates with keyed coupling 114. 
The cros.^-sex:rional diameter of keyed damper shaft 144 is preferably smaller than bore 152 of 
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coupling ii4. to provide the desired backlash. Keyed shaft 144 extends into keyed bore 152 of 
coupling 114. In Figure 6c, gap 154 is provided around Uic cniirc perimeter of shaft 144. In 
alternate embodiments, gap 154 can be provided only between the sides of the keyed portion 156 
of shaft 144, as described with reference to Figure 6c. 

Figure 6d is a side sectional view of keyed damper shaft 144 and coupling 1 14 taken along 
line 6d-6d of Figure 6c. Keyed shaft 144 is shown paiTially extending intn roupling 114. As 
shown in Figure ftr.. mwU gap 154 is preferably provided between coupling 114 and shaft 144. 
When shaft 144 is rotated, coupling 114 is also rotated after the keyed pordon of shaft 144 engage.<c 
the keyed portion of bore 152, a<; de5;cnh£td with reference to Figure 6e. Main shaft 140 rotates as 
coupling 1 1^ rotates, since it is rigidly attached. 

Figure 6e is a detailed view of Figure 6c showing the keyed purUuns of shaft 144 and bore 
152. EAicudcd keyed portion 156 of shaft 152 protrudes into receiving keyed portion 158 of bore 
152. In alternate embodiments, an extended fc^ed portion of coupling 114 cati pivlrude into a 
receiving keyed portion of shaft 144, Gap 154 has a width d which derermines how much desired 
haclfla.^b (play) is introduced between damper assembly 108 and objea 18. (Additional 
unintentional backlash or other inlieieai play can exist between the components of the .system due 
to compliance of the shafts, etc.; in the riescxibed embodiment, in which sensor 1 10 bos a sensing 
resolution of about 1/10 degree, d is preferably about 1/1000 inch. Nuic that the distance d can 
widely vaiy in alicmate embodiments. The chosen distance d is preferably made small enough to 
prevent the user from feeling the backlash that exists in the system when handling object 18 and yet 
is large enough for the sensor to detect tlie play (i.e., greater than the sensing resolution of sen55or 
110) CO allow the sensor to inform the computer the direction that the user is moving object 18. 
Thus, the distance d is highly dependent on the sensing resolution of scuior 1 10. For example. If 
a sensing resoluiiun of 1/100 degree is available, the distance d cnn be much smaller. The amount 
of backlash that a user can typically fieel can depend on the size and shape of object 18; however, 
the backlash described above is not delectable by a user for the majority of pn.wible objects. In 
other embodiment, it may he desirable to allow the user to feel the backlash or other play in the 
system, and thus a greater distance d can be implemented. 

In the prefened embodiment, distance d allows rotational iiiovcmcnl of coupling 1 14 ai 
least equal to die sensing resolution of sensor 110 in either direction, thus allowing a total backlash 
of distance of 2d between surfaces 162 and 164 of coupling 114. Alternatively, a . tal backlasli of 
distance d between surfaces 102 and 164 can be Implemented (half of the shown distance). In 
such an embodiment, however, sensor 1 10 would only be able to detect movement from one limit 
of the backlash to the other limit, and. for example, niowcuicnl uf coupling 114 from a center 
posidon (as shown in Figure 6e) would not be delected. 
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In the described embodiment, digital encoder sensors 110 arc used, in which rotational 
movement is detected using a uuuiber uf divisions on a wheel that are rotated past fixed senf^ors, a<( 
WP.1I Irnown to those skilled in the art. Each division causes a "pulse/*, and the pulses ore 
counted to determine the amount (magnitude) of movement* Distance d can be uiade as large or 
larger than the sensing resolution of the encoder .<o that the magninide and direction of the 
movement within gap 154 can be detected. Alternatively, the resolution of the sensor can be made 
KTcat enough (i.e., the distance between divisions should be small enough* in a digital encndftr) to 
detect movement within gap 154. For example, two or more pulses should be able to be detected 
within distance d to determine the direction of movement uf object IS and coupling 1 14 using a 
digital encoder or the Mice. 

When coupling 114 is initially rotated from the. position shown in Figure 6e in a direction 
indicated by arrow 160 (counterclockwise in Figure 6c) as die user moves object 18, the coupling 
freely rotates. Coupling 1 14 can no longer be rotated when the inner .surf ace 162 of keyed portion 
158 engages surface 166 of keyed portion 156. Thereafter, external force (such as from the user) 
in the same direction will cause eidier both coupling 114 and shaft 144 to rotate in the same 
direction, or the external three will be prevented if damper assembly 108 is locking shaft 144 in 
place with high resisdve force to prevent any rotational movement of shaft 144. 

If the user suddenly moves object 18 in the opposite rotational diieciion after surface 162 
has engaged surface 166. coupling 1 14 can again he rotated fteely within gap 154 until surface 164 
of bore 152 engages surface 168 of shaft 144, at which point both shaft and coupling arc rotated 
(Of no rotaiion is allowed, as described above). It is the magnitude and direction of the movemenf 
between the engagement of the surfaces of keyed portions 156 and 158 which can be detected by 
sensor 110, since sensor 110 is rigidly coupled lo coupling 114. Sensor 110 can relay the 
direciion which coupling 1 14 (anrt tt\m object 18) is moving to the controlling computer, and the 
computer can deactivate or activate damper assembly 108 accordingly. Even if object 18 is held in 
place by damper assembly 108. as when movmg into a virtual '•wail", the computer can detect the 
haclclash movement of object 18 if the user changes the direction of the object and con rcmovc the 
damper resistance accordingly. It should be noicd Umi computer 16 should preferably deaciivaie 
the passive damper (e.g.. open valve 1 1 KJ before surface 164 engages surface 168 so that the user 
will not feel any resistance to movement in the opposite direction. 

Instead of implemendng play as rotary backlash, as described above, torsiou flex ur 
coiupliwicc can be provided in the shafts to provide the desired amount of play, a flexible 
coupling 114 can take many possible forms, as is well known to those skilled in the art. The 
flexible coupling can allow main shaft 140 lo ruLale independently of damper Shaft 144 for a small 
distance, then force damper shaft 144 to rotate in the same direction as coupling shaft 140. 
Compliance or flex can be provided with spring members and die like. However, fluid rcsislaoce 
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devices such as pneumatic piston/cylindors may include on amount of inherent coiuplidiicc, so that 
a flexible coupling may not be needed. 

Figure 7 i5 a schematic diaKraui uf an alternate embodiment 106* of transducer i^ysre.m 106. 
Embodiment 10f>' is similar to system 106 except for the placement of the don^r assembly 108. 
Object 18 is coupled to main shaft 140, which rotates about aus A. Sensor 1 10 is rigidly coupled 
to main shaft 140 and operates; as described with respect to Figure 6a. Opposite coupling 170 is 
provided at the end of main shaft 140 opposite to sensor 1 10 to provide support 

Damper assembly 108 is substantially similar to the damper assembly shown in Figure 6a, 
mil includes a piston assembly 116 and a valve 118. Piston awembly 116 includes a piston 
cylinder 122, a piston 124, and a piston rod 126 coupled to piston 124 at one end. However, 
instead of coupling the odiei end uf piston rod 126 to a rotating member 120. the rod end is 
coupled to object 18 with a hall joint 172 similar to the ball joint 134 shown in Figure 6fL AVhcn 
object 18 is rotated about axis A, as shown by arrows 107, piston rod 126 and piston 124 aze also 
moved in a linear direction along axis 128. Ihe fluid flow through orifice 130 and valve 118 is 
controlled similarly as described with reference to Figures la and 6a to cause a damping resistance 
to the motion uf object 18. 

Figure 8 is a schematic diagram of a preferred interface system 180 in accordance with the 
present invention that provides two or three degrees of freedom to user object 18 and mechanical 
input and output System 180 includes a gimbal mechanism 182. optional linear axis member 1 84. 
transducer systems 106a and 106h, and n.serobjex:t 18. 

Gimbal mechanism 182, in the. described embodiment, provides support for system 180 on 
a grounded surface 186 (schematically shown as part of member 188), Gimbal mechanism 182 is 
preferably a five-member linkage that includes a ground member 188. extension members 190a 
and mOb. and central members 192a and 192b. Ground member 188 is coupled to a base or 
surface which provides stability for system 180. Ground member 188 is shown in Figure 8 as two 
separate members coupled together fhrongh grounded surface 186. The members of gimbal 
mechanism 182 are rotatably coupled to one another through the use of bearings or pivots, wherein 
extension ineiubcr 190a is rotatably coupled to ground member 7X8 and can route about an axis B , 
central membex 192a is rotatably coupled to extension member 190a and can rotate about a floaliiig 
axis D, extension member 190b is wuuibly coupled to ground member 188 and can rotate, about 
axis C, central member IVlb is rotatably coupled to extension member 190b and can rotate about 
floating axis and central member 192a is rotatably coupled to central member 1 92b at a center 
point P at the iiilcrscclion of axes D and E, The axes D and K are "floating" in the sense that thsy 
arc not tixe^ in one position as are axes B and C. Axes B and C arc substantially luuiually 
perpendicular. As used herein, "substantiaUy perpendicular" wiU mean that two objeas or axis are 
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cxacUy or almost perpenrtiailar. i.e.. at leait within five degraes or ten degrees of peipcndiculai . or 
more preferably within less than one degree of perpendicular. Similarly, die lenn "jaihstflnri^iy 
parallel" will mean tbat two objects or mis am exactiy or almost parallel, It. are at least within five 
or ten degrees of parallel, and are preferably within leas than one dcgnc of parallel. 

5 Gimbal mcchoniam 182 is formed as a five member closed chain. Each end of one memher 

is coupled to the end of a anoHier member. The five-mftmber linkage is ananged such thot 
extension member 190a, central member 192o, ond central member 192b can be luUtted about axis 
D in a first degree of lieedom. The linkage Is also airaoged such that extension men^ iPOb, 
central member 192b. and central member 192a can be rotated about axis B In a second degree of 
10 freedom. 

Also preferably coupled to gimbal mechanism 182 are transducer systems I06a and 106h 
for iransducing rotary degrees of freedonu including sensors and dampers as described in Figure 
6a. Such transducer systems are preferably coupled at the link points between mcmbeis of the 
apparatus and provide uiput to and output llrom an dcctiical nystcm. mch as con^uter ^tem 16. 
Transducer .systems 106a and 106b preferably include damper assemblies 108a and 108b and 
sensors 110a and 110b, respectively. Daiiipcr asserabUcs 108a and 108h incliidft piston 
ttsscmbUes 116a and 116b. respectively, and valves I18a and 118b, respectively. Piatoo 
a.^se.mblies 116a and 116b each include o cylmdcr 122. a piston 124. a piston rud 126. and a 
rotatable member 120. as described with reference to Figure fia. C fnjuod member 123 of the piston 
assemblie.s can be the same as ground member 188. or a different ground member. A computer 
system 16 (not shown) is preferably electrically connected to sensors 1 10 and valve.? 1 18 to control 
the sensors and dampers with electrical signals, as described in the above transducer embodiments. 

As described above in Figure 6a. damper asjembUes 108a and 108b are passive dampers 
that provide damping resistance to the motion of object 18 m a desrec of freedom and sense the 
position of object 18 in that degree of freedom. . Transducer .system I06a transduces the motion of 
object 18 in the rotary degree of freedom about axis B (and/or floating axis E), and uansducer 
system 106b transduces the motion of object 18 in the rotary degiee of fteertom about axis C 
(and/or floating axis D). 
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User object 18 is coupled to interface system 180. Object 18 can be coupled to central 
member 192a or 192b, for example, at intciscction point P. Object 18 Is preferably an interface 
object fur a user to grasp or otherwise manipulate in three dimensional (3D) space. Suitable user 
objecLs .ire. described with the transducer systems of Figures 1-5. User object 18 may be moved in 
the two degrees of freedom provided by Kimbal mechanism 182. As u.ser object 18 is moved about 
axis B. floaang axis E varies it.^ position, and as user object 18 is moved about axis C, floatme 
axis F varies its position. 
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It should be noted that iniBrfnc© system 180 is only one particular embodlmeot of a 
mechanism for implementing two or more degrees of fireedora. Hie passive transducer systems 10 
and 106 of the present invenMoo pan be used with a variety of mechanical apparatuses, sucli as 
slotted yoke joystick mechanisms, odicr^rpca of gimbal mecliaiusms, etc.. which are well known 
5 to those skilled in the an. A sloned yoke joystick mechanism is described below with reference to 
Figure 11. 

In ahemate embodiments, user object 18 can be provided wiUi additional degrees of 
freedom using die gimbal juechanism of inteiCice system 180. hbr exan^ile, a linear degree of 
freedom can be provided tn joystick 18 in Figure 8 by allowing the joystick to be lineady juuved 
10 along floating axis F as shown in Figure 8. Joystick 18 can be cranslatably coupled tn the ends of 
central members 190a and 190b. Axis H can be rotated about axes B.C. D, and E as joystick 18 is 
routed about these axes. A transducer system 10 or 106 can be provided to sense and/or dampen 
movement along axis F. Additional degrees of fteedom can be provided to object 18 as well, for 
example, using a floating gimbal mechanism or otlicr mechanical apparatus. 

1 5 Figures 9 and 10 ore pciapecdve views of a specific embodiment 202 of intent .<gf«fem 

180 for providing two degrees of fteedom to object IX and mechanical input and ou^ut to a 
computer system in accordance with the present invention. Figure 9 shows a front view of system 
202, and Figure 10 shows a rear view of the system. System 202 Includes a gimhal mechanism 
182, sensors 110, damper a.s.<emhlies 108. and user object 18. Object 18 is shown in this 
embodiment as a joystick handle which can be moved in two degrees of freedom. Interface system 
202 opei aics in substantially the same fashion as system 180 described with reference to Figure 8. 

Oiiubiil mechanism 182 provides support tnr system 202 on a grounded surface 186, such 
as a table top or similar surface. The members and joints ("bearings") of giuibal mechanism 182 
are preferably made of alightweiglit, rigid, sdffraeial. such as aluminum, but can nlso be made of 
odicr ligid materials such as other mexOs, plastic, etc. Gimbal mechanism 182 includes a ground 
member 188, extension members 190a and 190b, cenlnd drive member 192a. and central link 
member 192b. Ground member 188 includes a base meiaber 204 and vertical support members 
2(»6. Rase member 204 can be coupled to grounded surface 186 (oi iimy rest on grounded surface 
186) and provides two outer vertical surfaces 205 which are in o substantially perpendicular 
relaaon which each other. A, vertical support member 206 is coupled to each of these ouicr 
surfaces of base member 204 such that vertical uicmbeni 206 are In a similar sub.stantiariy 90- 
degree relation with each other. 

Rotating members 120a and 120b are each preferably rotatably coupled to a vcnical 
member 2()ft. Member 120a rotates about axis B and member I20b rotates about axis C. Rotating 
members 120a and 120b fimcUon as described above with reference to Higiires 6a and 8. 
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Extension member 19()a is rigidly coupled to mtafing member 120a anri is rotatexl abour 
axis B OS the rotating member is rotated. Likewise, extension member 190b is rigidly coupled to 
the other rotatine member 120b and can be rotated about axis C. Both extension members I90a 
and 190b are formed into a substantially QO-degree angle with a short end 208 coupled to rotating 
members I20a und 120b. Cenoal drive member 192a is rotaiably coupled to a long end 209 of 
extension member 190a and extends at a substandaUy parallel relation with axis C. Similarly, 
central link member 192b is rolatably coupled to the long end of extension mcwibcr 190b aiid 
exieads at a substantially parallel relation to axis B (as better viewed in Figure 10). Central drive 
member I92a and central link member 192b are rotatably coupled to each other at the center of 
ruudun uf die Kiiubttl mechanism, which is the point of intersection P of axes B and C. Bearing 
210 connects the two central members 192a and 192b together at the intersecdon point P. 

Gimbal mechanism 182 provides two degrees of freedom to an objea positioned 
approximately at or coupled to the center point P of rotation. An object approximately at ur 
coupled to point P can be rotated about axis B or C or have a combination of n)tatf nnal movemeiit 
about diese axes (when a combination of rotational movement is implemented, the object actually 
rotates a>oui the floating axes D and/or E Instead of axes C and/or B, respectively, as shown and 
described with reference to Figure 8). 

Damper assemblies 108a and 108b are preferably coupled to gimbal mechanism 182 to 
provide input and output signals between interface system 202 and computer system 16 (uoi 
Shown). Damper assembly 108a Is coupled to ground member 204 and to extension member 
190a, and likewise damper assembly 108b is coupled to ground member 204 and to extension 
member 190b. Ax described in die above embodiments, damper assemblies 108a and 108b each 
preferably include a piston assembly 116 and a valve 118, where the piston assembly includes a 
cylinder, piston, and piston rod which couples the piston to a coaespoiidiiig loiaiiuii iiiciubcr 120. 
Computer system 16 can control the flow nf a rinicl through the piston cylinders and valves by 
sending and receiving electrical signals to the valves, as described above. Damper assembly 108a 
thus provides damping resistance to flic motion of object 18 in the fint degree of fn^edom about 
axis B (or floating axis E), and damper assembly 108b provides damping resistance to tiie motion 
of object 18 in the second degree of freedom about axis C (or floatinK axis D). 

Sensors 1 10a and 110b arc provided to detect the position of djc ubjccL IS about Ihe two 
degrees of freedom and relay this position tn computer system 16. The cylinder of grounded 
sensor 110a is preferably coupled to the outside surface of a vertical support member 206 and 
measures the posiuon of object 18 in the first degree of freedom about axis B (or axis E). i.e.. 
sensor 1 10a is "associated widi" or "related to" the first degree of freedom. A rotational shaft of 
sensor 110a is coupled to main shaft 140 which extends from extension uicuibcr 190ii, Ihruugh 
rotating member 120a. through vertical member 206. to sensor NO tn transmit rowtional 
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movement along the first degree of freedom. Sensor 1 10b preferably corresponds to sensor 1 10a 
in function ond operation, except that sensor 1 10b is associHtcd with a second degree of fnedom 
about axis C (or axis D). Sensor 1 lOb is coupled to the other vertical support member 206. In 
alternate embodiments, sensors 1 10a ond 1 10b can be positioned in other locaiiuas on gunbal 
mechanism 182. Fyr example, the sensors can be coupled to their com-sponding extension 
members I9()a «nd 190b on the opposite side of vertical members 206 shown in Figures 9 and 10. 

Sensors 1 10a and 1 10b are preferably idative optical encoders which provide siguals (u 
measure the angular rotation of a shaft cxieudinj; Oiiougb the sensor. Hie electtical ou^ufs of the 
encoders are routed to computer system 16 via buses as detailed with reference to Figures la, 12, 
and 13. Other types of sensors con also be used, such as potenUoujeiers. linear encoders, etc. 

It should be noted that the present invention can utilize both absolute and zelaiive sensors. 
All absolute sensor is one which the angle of the .sensor is known in absolute tenns, such as with 
an analog potentiometer. Relative sensors only provide relative angle inforniatiuu, and thus requite 
some form of calibration step which provide a reference position for the felative. angle information. 
15 The .sen.sors riftscrihed herein are primarily relative sensors. In eonscqucnce, there is aii implied 
calibrtition step after system power-up whcnsin the sensor's shaft is placed in a known position 
within the Interface system 202 and a calibration signal is provided to the system to provide the 
reference position mentioned above. All angles provided by tin: sensors are thereafter relative to 
that refeieuce position. Such calibration methods are welt known to those skilled in die art and. 
therefore, will not be discussed in any great detail herein. 

The transducer assemblies 108a and 108b of the described embodiment are advaiiUiKcously 
positioned to provide a very low amouiu of inertia to the user handling object IX. Transducer 
assemblies 108a and 108b are decoupled, meaning that the transducers are both diiecUy coupled to 
ground member 20'1 which is coupled to ground surface 186, i.e. the ground surface carries the 
weight of die dampers, not the user handling object IK. Similarly, sensors 110a and 110b are 
coupled to vfttiical members 206 which are coupled to ground surface 186. Tlie wcijjlils and 
inertia of the dampers and sensors arc Uius subsuintiaUy negUglble to a user handling and moving 
object 18. This provides a more reali.'srir. interface to a virtual reaUty system, since the computer 
can control the dampers to provide substantially aU of the damping resistances felt by the user in 
these degrees of inodon. Interface system 202 is a high bandwidth force feedback system, 
meaning that high frequency signals can be used to control damper assemblies 108 aud Uicsc liiRb 
frequency signals will be applied lo the user object with high precision, accuracy, and 
dependability. The user feel.'; very little compliance or "mushiness" when handling object 16 due 
to the high bandwidth. In contrast, in typical prior art airaiigcmcnls of muW-degree of freedom 
interfaces, ouc uansducer "rides" upon another transducer in a serial chain of links and transducer. 
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I his low bandwidth arrangeinent causes the user to feel the inertia of coupled transducers when 
manipulating an object. 

In addition, play mechanisms 1 14 as shown above in Figmc 6a can be added 10 the damper 
assemblies of Figures 9-10 to provide an de.«imd amount of play. 

5 User object 1 H is a joystick handle 121 in the described embodiment of Figures 9 and 10 

that a user can move in two degrees of freedom. The position of joystick 121 can be sensed and 
damping resistance can be applied in both degrees of freedom by computer system 16. In the 
described embodiment, joysdck 121 is fastened to central member 210 so that the usci can move 
the joystick hi the two degrees of freedom provided by glmbal mecbanism 182 a.« described above, 
in alternate embodiments, a linear axis F can be provided and a transducer can be coupled to the 
linear axis to provide a thiid and fourUi degrees uf freedom. In yet other embodiments, a floating 
glmbal mechanism, or a dtfterenr mechanism, can be added to the joysdck to provide six degrees 
of freedom. 

Joystick 121 can be used in virtual reality simulations in which the user can move die 
joystick to move a compuicr«}$cnerated object in a simuladon. move a simulated vehicle, point to 
objects on a screen, control a mechanism, etc. For example* a user can view a virtual environment 
generated on a computer screen or in 3D goggles in wliich joysdck 121 controls an airciafL The 
computer system tracks the position of the joystick- as the user moves it around with sensors and 
updates the virtual reality display accordingly to make the aircraft move in the iixdicaicd dirccdon, 
etc. The computer system also provides passive damping force feedback to the joystick, for 
example, when the aircraft is banking or accelerating in a turn or in other situations where die user 
may experience rcsistanccs on the joysdck and find it more dlfflculi to steer die aircraft. In other 
simulations, joystick 121 can he provided with a pulsed (on and ofO damping resistance to 
simulate a "bumpy" feel to die user grasping die joystick. Tliis can sunulaie, for example, a 
veliicle moving over a bumpy road. 

Figuic 1 1 is a perspecdve view of aliemate intertiace .system 220 suitable for use widi 
transducer system 10 or 106. Interface system 220 includes a slotted yoke configuration for use 
widi joystick controllers diat is weU-known to diuse skilled in the an. System 220 includes .^clotted 
yoke 222a. slotted yoke 222h. sen.^ors 110a and 110b. bearings 224a, and 224b, damper 
assemblies 106a and 106b, and joystick 18. Slotted yoke 222a is rigidly coupled lu shaft 226a that 
extends diiough and is rigidly coupled to sensor 110a at one end of the yoke. Slotted yoke 222a is 
similarly coupled to shaft 226c and bearing 22'la at di© odier end of die yoke. Slotted yoke 222a i^ 
rouitable about axis L in a first dcgicc uf freedom and dils movement is detected by sensor 1 10a. 
Sensors 1 10a and I lOh and be.arings 224a and 224b are grounded. 
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Damper assembly 108a is preferably a pnenmanr. Hamper as described above with reference 
to Figure 6a. In alternate embodiments, damper assembly 108a can be instead coupled to siiafi 
226c ucAi lo bearing 224a. In yet other embodiments, sensor 1 10a can be coupled to shaft 22ftc or 
bearing 224a can be. implemented as another sensor like sensor 1 10a. 

Similarly, slotted yoke 222b is rigidly coupled to shaft 226b and sensor 110b at one end 
and shaft 226d and bearing 224b at Qic oUicr end. Yoke 222b can rotaied about axis H and this 
movement can be detected hy sensor 1 10b. Dampex assembly 108b is coupled to shaft 226b and is 
described in greater detail above with reference to Figure 6a. Dampei assemblies 108a and 108b 
are grounded as shown. 

AlteraaU vely . the linear damper assembly 10 of Figure 1 a can he used in place of die rotary 
actuator assemblies 106 shown in Figure 11. In a different embodiment, ibo damper assembUcs 
108a and 108b can be coupled directly to object 18 as shown in Figure 7. 

Objcci 18 is a joystick that is plvoially attached to ground surface 230 at one eaid 232 so 
that the. other end 234 typically can move in four 90-degree directions from ita center position 
above surface 230 (and additional diiccliuns in other embodiments). Joystick 18 extends through 
slots 236 and 238 in yolces 222a an/1 222b, respectively. Thus, as joystick 18 is moved in any 
direction^ yokes 222a and 222b follow the joystick and rotate about axes G and H. Sexwurs 1 10a- 
d delect this rotation and can thus track the motion of joystick 1«. 'I'he addition of damper 
assemblies 108a and 108b allows the user to experience force feedback when handling joystick 18, 
Other types of objects 18 can idso be used in place of a joystick, or additional objects can be 
coupled to joystick 18. 

In alternate embodiment.^, rinmpe.rs and couplings can be coupled to shafts 226c and 226d 
to provide additional force to joystick 1 12. Damper 108a and a danipci coupled tu shaft 226c can 
be controlled simultaneously by a computer or other electrica! system to apply or release force from 
bail 222a. Similarly, damper assembly 108b ond a damper coupled lo shaft 226d can be controlled 
simultaneously. 

In a different embodiuieni, a play nicchanism 1 14 as shown In Figure 6a can also be rigidly 
coupled to Shan 226a and damper assembly 108a to provide a desired amount of play between 
damper assembly 108a and shaft 226a. Similarly, a coupling can be ligidly coupled to shall 226b 
and damper 108b. Note Uiat the slotted yolce cnntlgnrarton typically introduces some inherent play 
(such as compliance or backlash) to die mechanical system. Couplings can be added to provide an 
additional ainouut of play, if desired. Similarly, other Interface mechanisms that typically provide 
an amount of inherent play can be used such tiiat the inherent play is measured by sensor 1 10 and 
no play mechanism is required. 



wo 96/42078 



PCT/US90/09664 



Figure 12 is a block diagram illanrating a generic control syscexn 2S0 for Uic interface 
appuTdtuscs of the pxcscnt invention. Control system 250 includes con^juter system 16, seJisors 
14 or 110. dampers 12 or 108. and control elecaonics 232. Computer system 16 sends signals to 
and receives signals from transducer systems included in an interface system. A bidirpcrinna! hus 
5 254 is used to provide and receive these signals. In the preferred embodiment, a serial pon of 
computer system 16, such as an RS232 port, connects the hi^trectional bus to computer system 
16. Alternatively, a parallel port of computer system 16 con be coupled to bus 2S4, or bus 254 ean 
be connected directly to the data hus of computer system 16 using, for «ample. a plug-in card and 
slot or other access of computer system 16. 

10 Computer system 16 can input a "sensor signal" on bus 254 from sensors 14 or 110 

repre5;enting the position or motion Of object 18. Computer system 16 caii also output a 
"dampening signal** on bus 254 to dampers 12 or 108 to cause a damping resistance to usex objeci 
18. Sensors 14 or 110 and danq>ers 12 ur 108 aie described in die embodiments of Figures 1*11 
and below in Figures 13 and 14. Control eiexitronics 252 are pnsitioned between con^uter system 

15 16 and the sensors and dampers, and can include a variety of different coxz^onents in different 
embodiments. Hor example, electronics 252 may jusc include bus wires connecting computer 
system 16 to the sensors and dan^era. Or, electronics 252 may additionally include electronic 
components for communicating via standard protocols on bus 254. In addition, cunirul clccuvmcs 
252 can include signal conditioning/processing electronics for receiving signals from sensors 1 4 or 

20 1 10 uiid/or power electronics for driving dampers 12 or 108. 

Preferably, in the present invention, control electronics 252 includes a local embedded 
"cnntror* microprocessor 25i to control sensors and dampers of the interface system independently 
of computer system 16. In such on embodiment, computer system 16 can issue high level 
supervisory commands to the local processor 25 1 over bus 254. The local pixicessor 25 1 executes 

25 local control loops ("reflexes") for sensors and dampers in parallel with the high Iftvel conrml 
routines. Reflexes are useful when using a slower communication interface, such as a serial 
interface. For example, the local nucroprocessor 251 can be provided with instructions to wait for 
commands or requests from computer system 16, decode the commands or requests, and handle 
input and output signals according to the commands or requests. If computer sysicm 16 sends a 

30 command to change tlie damping resistance provided by tiie dampers, the microprocessor can 
output signals to tlie damper icpresendng the new damping farce to be applied, and can send an 
acknowledgment tn computer sy.<;tem 16 that such output was sent. If computer system 16 sends a 
request for sensory input, the control microprocessor con send position data from the sensors to 
the computer 16. Processor 251 can also independently implement command rouunes to conuul 

35 dampers or sensors until a hpst conunand is received. Suitable microprocessors for use in such 
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operations include the MC68HC711E9 by Motorola and thft Pic:iftc:74 by Microchip, for 
example. 

Conuul clccuuuics 252 can be provided as a component of the interface system, as shown 
in Figure 12. Alternatively, the cnntrol electronics 232 can be included with coiiq)utcr syslcui 16, 
5 such as on an interface card, peripheral, etc. 

Figure 13 is a schematic illustration of a specific embodiment 270 of control system 250 as 
Rhown in Figure 12. System 270 can send and receive signals to and from transducer system 10 
or 106. System 270 is suitable for use with the dampers of the present invention which provide a 
passive fluid resistance lo moUun, and which include the two-state on/off valve as described with 
10 reference to Figure la. System 270 includes digital .sensor 14 or 110. sensor Interface 274. 
transistor 276, voltage protector 278, and solenoid 280. Sensor interface 274, transistor 276. and 
voltage protector 278 can he considered pan of tfie control electronics 252 uf FiKuie 12. A local 
processor 251 (not shown) can also be included in system 270 between computer systena 16 and 
transistor 276/sensor interface 274, 

15 Host computer system 16 receives sensor sixnuls Iruiu one or more sensors 14 or 1 10 to 

determine the position of the object- The computer system preterahly implements a simulation or 
similar virtual environment which a user is experiencing and moving object 18 in response to, as is 
well known to those slcillcd in the ail In the described embodiment, computer system 16 includes 
interface electronics, which preferably include a serial port, such as an RS-232 interface. This 

20 interface is suitable for controlling the passive dampen* uf die present invention. 

Sensor 14 or 1 10 Is preferably a digital sensor suuh as a relative optical encoder, as 
described above. Sensor 14 is preferably an electro-optical device that, for example, responds lo a 
shaft's rotadoii by pruduciug two phasc-rclaicd signals (in a rotary degree of freedom); or 
produces these two signals in response to movment of a linear shaft (in a linear degree of 

25 freedom). In the described embodiment, o sensor interface 27>1 can be used to convert the sensor 
signals to signals that can be interpreted by the computer system. Fur cxauiple, sensor interface 
274 receives the two phase-related signals from a sensor 14 or 110 and converts the two signals 
into another pair of clock si^^als, wliidi drive a bi-directional binary counter. The output of the 
binary counter is received by computer system 16 as a binary number representing the angular 

30 position of the encoded shaft. Such circuits, or equivalent circuits, are well known to those skilled 
in the art: for example, the Quadranire Chip LS7166 from Hcwlcii Packaid, California performs 
the functions described above. The position value signals are interpreted by computer system 16 
which updates die virludl lealiiy environment and controls damper 108 as appropriate. Other 
interface mechanisms can also he used to provide an appropriate signal to computer system 16. 

35 Sensor interface 274 con be included widiin computer system 16, such as on an interface board or 
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card as used in typical personal computer systems. Aliemaavcly, sensor inlcrfdcc 274 cm\ be 
included within transducer system 10 or 106. 

Alternatively, an analog sensor con be used instead of digital sensor 14 or 1 10 for all or 
somr. nt* the trani(ducers of the present Invention. For exiinq)le, a sUfuii gauge can be connected to 
5 measure forces. Analog sensors can provide an analog signal representative of fhft position of the 
tiser object in a particular dcgnsc uf freedom. An analog to digital converter (ADC) can convert the 
analog signal to a digital signal thnr is rpreived and interpreted by computer system 16, as is well 
known to those skilled in the art The resolution of the detected motion of object 18 would then be 
limited hy the. resolution of the ADC. However, noise can sometimes mask small movemenUi of 
10 object 18 from on analog sensor, which can potentially mask the play that is important to some 
embodiments of the present invention. 

Transistor 276 is electrically coupled to computer system 16 at its base terminal and 
operates as an electrical switch for contrtJling the activation of w>lftnoid 280. Solenoid 280 is 
coupled to tlie collector of transistor 276 and switches the valve 22 (as shown in Figure 1) or 1 1 8 

1^ (as shown in Hignre fia) between on and off states to control the damping resistance on the motion 
of object 18. Computer system 16 can send a dampening signal, such as a TIL logic signal, on 
bus 282 to control transistor 276 to either allow current to flow through die sulcnuid lu aciivate it 
and open the valve, or to allow no current to flow to deactivate the solenoid and clo^. the valve, 
is well known to those skilled in the art Resistor Rl is coupled between the emitter of transistor 

20 276 and ground, and has a resistance adequate to cause the correct amount of current to flow 
through solenoid 280, Protection circuit 278 is coupled to the collector of transistor 276 and 
provides voltage spike protection to the circuitry and prx:fcrdbly includes two diodes oi equivalent 
components. 

Other types of interface circuitry can also be. used. For etamplc. an electronic interface is 
25 described in U.S. Patent Application Serial No. 08/092,974, filed July 16, 1993 and cntidcd "3-D 
Mechanical Mouse" assigned to the assignee of the present invention and incorporated herein by 
reference in its entirety. The electronic interface described therein was designed for the Immersion 
FROBE^ 3-D mechanical mouse and has six channels correspundinK tu tlic sIa derives of 
freedom of the Immersion PROBE. 

30 Figure 14 is a schematic illustration of circuitry 284 to send and receive signals from 

transducer system 10/106 and interface system 180. Circuitry 284 is suitable for use with passive 
dampers of the. prcse.nr invention which include a variable servo valve that is controlled with an 
analog voltage. Circuitry 284 can also be used to control other passive dampers or actuators, such 
as magnetic panicle brakes and the like. Clrcultiy 284 includes computer system 16, digital sensor 

35 14 or 1 10, sensor interface 274, digital to analog converter (DAQ 2S6, amplifier 28H. rnin.<(i<tnr 
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290, voltage protector 278» and solenoid 280. All these components except the computer system 
IG and sensors 14 or 1 10 can be considered as part of control electronics 252. 

Sensor interface 274 receives a signal from sensor 14 or 110 and is coupled to computer 
system 16. These components arc subsianiially similar to the equivalent components described 
with reference to Figure 13. DAC 286 is eoupled to computer system 16 and receives a digital 
signal from the computer system repieseming a resistive force value to be applied to user object 18. 
DAC 286 converts the digital signal voltages to analog voltages which are then output to amplifier 
288. A DAC suitable for use with die present iiivenUon is described with reference to Figure 15. 
AmplitiPT 2X8 receiver the anAlog voltagft from DAC 2X6 on a postrive. terminal and scales the 
voltage signal to a range usable by solenoid 280. Amplifier 288 can be implemented as an 
operaiional amplifier or the like. Transistor 290 is coupled to the output of amplifier 288 and 
preferably operates as an amplifier to provide increased output current to solenoid 280. Resistor 
Rl is coupled between die uc^advc leniunal uf amplifier 288 and Qic cinillcr uf Iransislur 290, and 
resistor R2 is coupled between the negative terminal of anq>lifier 288 and ground. For example, 
resistors Rl and R2 can have values of 180 kA and 120 kfi, respecdvely. and provide the proper 
biasing in the circuit. Voltage protector 278 is coupled to the emitter of transistor 290 and provides 
protection from voltage spikes when using inductive loads, similar to protector 278 of Figure 13. 
Solenoid 280 is coupled to the eminer of iranslsior 290 and to ground, and can be a standard 
solenoid for use in valves 22. Alternatively, a different passive damper, such as a magnetic 
particle brake, can be coupled to circuitry 284 in place of solenoid 280, A sepaiaie DAC mid 
amplifier can be used for each solenoid or other actuator/damper implemented in the interf?ice 
apparatus so the computer system 16 can control each damper separately for each provided degree 
of modon. Circuioy 284 (and 270 of Figure 13) is Intended as one example of many possible 
circuits that can be used to interface a computer system to sensors and dampers. 

The computer system 16 shown in Figures 13 and 14 sends and receives signals preferably 
from a serial port, such as an RS-232 serial inteiface. An advamajjc of Uic present invcntiun iii lhal 
Slower serial communication signals can be used to control the de-ocrihed passive damper, thus 
allowing a computer's built-in serial interface to be used dirccdy. Altemativcly. circuitry 284 can 
be provided on an interface card which can, for example, fit into an inieifacc slot of computer 
system 1 6. For example, if computer 16 is an IBM AT compatible computer, the interface card can 
be implemented as an ISA, EISA, VESA local bus, oi oUjcr well-known slaiidarU inlcrfatx: card 
which plugs into the motherboard of the computer and provides input and output ports cormected 
to the main data bus of the computer. 

Figure 15 is a flow diagram illustrating a control process 300 for an interface system 100 or 
106 uf die present inventioo. This process can be used generically to provide force feedback to a 
nsex of the interface. In the preferred embodiment, a local processor is included in control 
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electronics 252 as described above. The steps of process 300 can be implcoicnted from host 
computer 16 or a local processor. 

The procefifi begins at 302, and in a step 304, thft imcrtace .system is activated. This step is 
the equivalent of powering up the interface so that it can be conunanded by host computer 16 
S and/or proessor 251. In step 305. a process on computer system 16. such as a simulation, video 
game, etc., is begun or continued. In the process of step 305, images can be displayed for a user 
on an output display device and other feedback can be presented. 

Two branches exit step 305 to indicate that there are two processes running; Minultancuusly, 
i.c. in parallel. Step 306 is implemented in one of the parallel processes, in which the position of 

1 0 the user object is read in by the host computer. Preferably, tl)e local processor continually receives 
commands from the host computer 16 to read signals from sensors 14 or 110 and to .^end those 
signals to the host computer 16. After the sensors arc read in step 306, the host computer con 
update a game or virtual reality environment in response to the user's movements of object 18 in 
step 305. For example, if tlie user moves a steering wheel object 18, the computer system 16 can 

15 move the point of view of the user as if looking uui a vehicle md tuniiiig die vehicle. Steps 305 
and 306 are repeated continuously and in parallel with other intertaci'. prnce«ses so that the host 
coiuputer receives the most recent position or change in position of object 18. 

The second branch from step 304 is concerned with the process of controlling the dampers 
of the present invention to provide force feedback to the user manipulating objea 18. The second 

20 branch starts with step 308, in which the host computer (and/or local microprocessor 251) check if 
a change in damping resistance is lequiied lo be applied (o usei' object 18. This can be determined 
by several types of criteria. For example, if the host computer is implementing a vidfto game, the 
position of a computer generated object within the game may determine if a change in force 
feedback (damping resistance) is called for. If the user is controlling a space ship in the game and 

25 the space ship collides with an object such as an asteroid, then damping resistance should be 
applied to the user object 18. In many ca:ics, Uic current position of tlie user object, as detected in 
step 306, determines whether a change in damping resistance is reqjitned. In addition, other 
parameters in the game, simulauon, or other process implemented by the computer system 16 can 
determine if a change in damping resistance to the user obejct is necessaiy. For example, (be 

30 computer system 16 may randomly determine that the user's space ship is impacted with an object 
due to ''environmental" conditions which arc iiui dcpcii Jcni uii die position of the user object, such 
as a meteor storm, in which a greater damping resistance should be applied to simulate the impact. 

If no change in damping resistance is currently required, then the process cnntinously 
returns to step 308 until such a change in damping resistance is required. When such a change is 
35 required, step 3 10 is implemented. In which computer system l6/local processor checks If the new 



wo 96/4307S 



43 



PCTAJS96/09664 



damping resistance is to be uni-directional or bi-directional. Uni-directional damping xesistance is 
ttvplied in only one specified direction along a degiec of freedom. Thus» the user would feel 
resistance to the morion nf the user Abject IX is nne direction, $nch cioclrwise or left, bitf would 
be able to ficcly move the object (or move the objeet with a different degree of resistance) in the 
5 opposite direction of that degree of freedom (or dimension), such as counterclockwise or right. 
Bi-directional damping resistance is applied to both directions along a degree of freedom so that the 
user would feel the same magnitude of rcsi^itance in eitlicr direction. Uoi- and bislirecdonal 
resistances can be determined by the game or other process implemented by computer system 16, 
For example, if a user's simulated race car collides into a walU dien uni-dircctional dampinf 
10 resistance should be apphed only in the direction of the wall, since the user would be able to freely 
move in ±b reverse direction to the wall. However, if the simulated cor is stuck in a simulated 
pool uf mud, then bi-diieoional resistance should be applied, since the car will feel the same 
resistance to motion in any direction. 

If the required damping resistance is uni-directional, step 314 is txx^)lemented as described 
15 below. If the required damping resistance is bi*dircctional, then step 312 is implemented, in which 
the de.Mred amount of damping restRfance is applied or removed to the user object as specified by a 
command from the host computer. Preferably, the host computer sends a command to the local 
microprocessor 251 indicating the n:iagtiin]de of damping resistance and the degree of fieedom that 
the resistance is to be applied (such as "horizontal'' or "vertical"). If a single on*off valve is being 
20 used in the desired degree of freedom, tlien ilie magnitude uf n^kisUnce can be specified as an ''on** 
signal (maximum re-^istance applied) or an "ofT signal (no resistance applied). If variable 
resistance can be opplied, then a number from the host computer can indicate the magnitude of 
damping rcsi^itance. The local processor, in turn, implements the command by sending an 
appropriate signal to the appropriate damper. 

After the resistance has been applied, the process returns to step 308 to determine if ther^ is 
a change in the applied damping resistance. Preferably, die hose coiupucer system 16 uiily scuds a 
command to change the magnimde of the msistance. Thus, if no change in dancing resistance is 
required at step 308, the local processor will continue to command the dampers to i^ly the 
niagiiiiudc uf rcsisoince Uiai was last provided to the local processor. Once a change In damping 
'M I re.<iisrance is required, then the process again implements step 310. 

If the required damping resistance in step 310 is not bi-directional* then it is uni^direcdonal. 
Preferably, the host computer system sends a conuiiand to die local processor iudicatiriK die 
magnitude of the damping resistance to he applied and the specific direction in a degree of ficeedom 
in which the resistance is to be applied. For example, if a joystick has two degrees of freedom of 
35 "lioiizunud" and "vcnical \ then the direction can be specified as "horizontal-left**, "horizontal- 
right", "verricnl-lftft" or "venical-right." Step 314 is then implemented, in which the host 
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compnrer/lncal prncessnr checkfi whether the user object is moving in the designated direction ot 
resistance. Since the preferred dampers of the present invention provide resistance bi-directionally, 
as described In the embodiments above, a desired amount of '*play*' may be implemenied to detea 
movement la the direction opposite to the direction of resistance, as explained above with reference 
to Fiju^ures 6a*6c. Preferably, the local processor Impleaienis step 314 autoiiouiuu^ly as a "icflcx" 
to remove processing burdens from the host computer, remove communication lag from the 
computer sytcm 16 to the user object, and improve system performance. Such a reflex is most 
appropriate when using a serial interface to communicate with tbe host computer. 

If the user is not moving in the direction of resistance, then the user object can be moved 
freely and the process returns to step 308 to check if a change in the applied danq^ing resistance (or 
lack in applied resistance) is required. If the user is moving in die direction of resistance in seep 
314, then step 316 is implemented, in which the specified magnitude of damping resistance is 
applied to the user object As explained above, the preferred dampers of the present invention 
always apply bi-directional resistance to the user object Thus, to simulate uni-directinnat 
resistance, the computer or processor should be able to detect movement opposite to the direcdon 
of re2»isiance. This is the reason for Ae inclusion of the play mechanism described with reference 
to Figures 6a-6e. 

After step 316, step 318 is implemented, in which die host computer/local processor again 
checks if the user object is being moved in die designated direction of resistance. If not, dien local 
processor (or host computer) removes the applied damping resistance in step 32(1. The process 
then returns to step 308 to check if a change in damping resistance is required. If the user object is 
bciiiK iiiovcd ill ilic diiccQon uf resistance in step 318. then step 322 is implemented, in which the 
local processor (or host computer) checks if a change in damping resistance is required. This can 
occur if the computer process of step 305 requires a diffeieui xesisiance to be applied, etc., as 
described above with reference to step i^OK; the, host cx^mputer can issue a command to processor 
2S1 to change die applied damping resistance (or remove the applied resistance; a removal 
command can be considered a bi-direcdonal resistance command). If change in resistance is not 
required, dien the process returns to step 318 to again check the direction of die user object. If a 
change in resistance is required, the process teiurns to step 310 to dclcmiiiic if tlic required 
resistance is bi-directinn nr uni-dircciional, as dft.<crihed above. 

Steps 314-H22 are preferably implemented as a "reflex'* ftxmited aiironomously by the local 
processor 251. The local processor con independently check the direction of the movement of die 
UMTF object and apply a uni-directional resistance when appropriate, thus freeing the host computer 
to run the application process of step 305. When a difFer&nl resistance is to.be applied, or a 
resistance removed, die host computer can issue a cummand lu do so ai the appropriate time. 
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The above-described process can be used to provide a variety of haptic sensations to the 
user through the user object 18 to simulate many diffe;rent types of tactile events. Three typical 
hapftc .oen.satinns include a virtual obstruction, a virtual texture, and virtual damping. 

Virtual obstructions are provided to simulate walls and other uni-directional forces in a 
S simulotion, gome, etc. Fof example, the movement of a cursor displayed on a display screen can 
be controlled by a force feedback joystick. An obstrucdon, like a brick waU» can aho be displayed 
on the screen. The user moves the cursor left until the cursor encounters the obstrucdon. The user 
tbcn ficcls a physical icsbtance as he or she continues to move the joystick left, since the local 
processor (receiving a command frr>m the computer system 16) has applied maximum uni- 
10 direcdonal resistance in the direction of the obstruction in step 320 of Figure 16 above. If the user 
moves the cursor away from the obscrucdon (right), the processor removes the resistance in step 
318 of Figure 16. Thus the user is given a convincing sensation that the virtual obstruction 
dia^plttycd on (bo screen has physical properties. 

Virtual textures can be used to simulate a surface condiuon or ^umilar texture. For example, 
IS as the user moves a joystick or other user object along an axis, the host computer sends a rapid 
sequence of commands liiformiag die local processor to repetitively 1) apply bi-directional 
resistance along that axi.s, and 2) to then immediately apply no resistance along that axis. I his 
causes an on-off valve, for example, to open and close at a desired frequency. This frequency is 
based upon the (ravel of the joystick handle and is ihus cotielated with spatial position. Thus, the 
20 user feels a physical sensation of texture, which can be described as the feeling of dragging a stick 
over a grating. 

Virtual damping can be used to simulate motion through a viscous fluid, wind, or a similar 
resistive or "damping" environment. For example, a cursor controlled by a joystick is moved 
through a region that simulates a thick liquid, such as syrup. The host computer 16 commands that 
25 a bi-direcuunal hurizonuil and vertical resistance be applied to the joystick when the cursor enters 
the region. The user feels the physical resistance as the cursor moves through the region. The 
resistance is immediately lemoved when die cursor exits die region. Thus the user is given a 
convincing sensation that the region displayed on the screen has physical properties. 

While this invention has been described in terms of several preferred embodiments. It is 
30 contemplated that alterations, modifications and pemiutations thereof will become apparent to those 
skilled in the an upon a reading of the specification and study of the drawings. For example, the 
linked members of gimbal apparatus 182 can take a number of actual physical sizes and forms 
while maintaining the disclosed linkage structure. In addition, other gimbal mechanisms can also 
be provided with a linear axis member 184 to provide three degrees of freedom. A variety of 
35 devices can also be used to sense the position of an object in the provided degrees of freedom. 
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Other pneumatic (or hydraulic) riavirejc can aIso be used to provide a passive resistance to a user 
object in occonknce with the present invention. Furthcnnorc, certain terminology has been used 
for the purposes of descriptive clarity, and not to limit the present invention. If is rhemfbre 
intended thai the following appended claims include qU such alterations, modifications and 
pemiuuuioiis as fall within the true spirit and scope of the present invention. 
Whar is claimed is: 
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Other pneumatic (or hydraulic) devices can also be used to provide a passive resistance to a user 
object in accoidance with the present invention. Furthermore, certain terminology has been used 
for the puiposes of descriptive clarity, and not to limit the present invention. It is therefore 
intended that the following appended claims include all such alterations, modifications and 
permutations as fall within the true spirit and scope of die present invention. 
What is claimed is: 
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1. An apparatus for interfacing the motion of an object with an electrical system 
comprising: 

a sensor for detecting movement of said object along a degree of freedom, said sensor 
S being operative to develop a sensor signal for an electrical system; and 

a passive pneumatic damper coupled to said object for ttansnutting a drag to said object 
along said degree of freedom to resist a movement of said object, said damper being responsive to 
a dampening signal provided by said electrical system; 

such that said sensor and said pneumatic damper provide an electromechanical interface between 
10 said object and said electrical system. 



2. An apparams as recited in claim 1 wherein said pneumatic damper includes a cylinder 
and a piston operative to move within said cylinder. 

3. An apparatus as recited in claim 2 wherein said pneumatic damper further includes a 
15 valve for regulating a flow of a fluid through said cylinder, said valve being controlled to transmit a 

variable drag to said movement of said object. 

4 An apparatus as recited in claim 3 further comprising a plurality of valves, wherein said 
plurality of valves are controlled to transmit said variable drag to said movement of said object. 

5. An apparatus as recited in claim 3 wherein said valve provides only two amounts of 
20 drag to said object, said two amounts being no drag to allow substantially free movement of said 

object along said degree of freedom, and a maximum drag to allow substantially no movement of 
said object along said degree of freedomu 

6. An apparatus as recited in claim 3 wherein said valve provides at least ttuee amounts of 
drag to said object along said degree of freedom. 

25 7. An apparatus as recited in claim 3 wherein said electocal system includes a digitaJ 

computing apparatus, and wherein the size of an orifice in said valve is controlled by said digital 
computing apparatus. 
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wherein said soltjioid is eleoricdlv eeuxltd i„ ..i i • ■ "agues a sotenmcf. and 

sa.a d.g,t«l eonpulmg appi^jj „ cam,l saidwlw. "«""KM.«»:dby 

9. Ana(ip4ralusiisreclledliicl»im7«*Meins>i(JfluiilUoir. 
5 '°'^'*P^»"'"'«cl'e«l» Claim :(wh«<to aid «,,j„rimau^ 

11. A''<WmnBasnMledinctaiiD2«he»inMidMii!«l>Ba„mi^^ 
w^cl.«^dap,^,us<.„h„i,^^.,,^,,,,^^^^ 

»d sa,d f„ p„vidi.« . desired amoim, off,>y ^ «id 

Okie. Id f "^''^ " " dai," 12 whaeli, said s«K„r is dgidly coupW „, aaid 

Xdtbill'^"''^'"''''"''""'"'*"^'"''^"- sensor 

^^ccUharc a» IS received Ky said i.y«, ko„. said ke^ 



..■omprlslng: """'^ '°' "'j"' »i* " '^-^ sysiem 

««.sd.ir^:r'™'°""^''°^°""'*^''°"'-^ " '"'^ 

a sensor riecricllj, cupW ,„ ^^^j, ,„„^j,„,^,^,„^ 

«.d ..Klucer mechanism for sensing posiUons of said .«c« along said fln, dej™ of ft^A^n; 

, / '° """^ "«1 rigidly necbanicj,, 

coupled ,„d ^.M „rt.,ysm „ a passive d«npi„s r.«s,.n« ^ ™,^^d 
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objecr Mong said fost degree of freedom, soid breking mcchauisui including a damping mechanism 
that provides said deniping icsisiance by controlling the ilow of a fluid; 

whereby said braking uiechanism and said sensor provide an ekctromechamcal interface 
between said object and said electrical system. 

1 6. An apparatus as recited in claim 15 wherein said transducer nieclianism includes a 
gimbal mechanism providing a fiisi revolute degree of freedom to said object engaged with said 
gimbal mechanism about a tint avis of rotation. 

17. An apparatus as recited in claim 16 wherein said gimbal mechanism provides a second 
degree of freedom to said object about a second axis of rotaUun. and further comprising a second 
scnsoi for sensing poslUons of said objecf along said second degree of freedom and a second 
braldng mechanism to create a passive damping resistance along said second degree of freedom by 
couuollinjfj the flow of a second gas. 

18. An apparatus as recited in claim 17 wherein said gimbal mechaniam includes a closed 
loop five member linkage. 

19. An apparatus as recited in claim 18 wherein said five member linkage includes: 
a ground member coupled to a ground surface; 

first and second extension members, each extension membe. being coupled to said ground 
member; 

first and second ccnual members, said first central member having an end coupled to said 
3 first extension member and said second central member having an end coupled to said secoud 
extension member, wherein said central mcmbeis arc coupled to said linear axis member at ends 
not coupled to said exierision members. 

20. An apparatus as recited in claim 17 wherein said braking mechanism includes a piston 
assembly and a valve. 



15 



21. An apparatus as recited in claim 20 wherein said piston assembly includes a cylinder 
ond a piston operative to move within said cylinder, said piston being coupled to said object by a 
piston rod. 

22. An apparaUK as recited in claim 21 wherein said piston rod includes two ends, eadi 
end including a ball joint. 



23. An apparatus as recited in claim 21 wherein suid fluid is air. 
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24. An appaiatus as reialed in claim 23 wherein said ohjecr includes a joystick. 

25. An apparatus as ittciied in daim 17 wherein said electrical system includes a digiul 
processing system for providing a braldng signal to said braking mechanism and foi ,cwciving an 
electricol signal from said sensor. 

26. An apparatus as recited in claiai 15 wherein said object is capahJe. of being moved 
along said at least one degree of freedom by a user grasping said object. 

27. An apparailK an recited in claim 15 further comprising a second braking inechanism 
electrically coupled to said electrical system and rigidly niediitnically coupled to said transducer 
mechanism to acaic a passive damping resistance to movement of said object along a second 
degree f»t freedom, said braking mechanism including a damping mechanism thai provides said 
damping resistance by controUiug the flow of a fluid. 

28. Au apparatus as recited In claim 27 wherein said transrtncex system includes a first 
linear member coupled between said object and said braking mechanism to provide a fust Uucar 
degree of freedom to said object, and a second linear member coupled between said ohjecr and said 
second braking mechanism to provide a second linear degree of freedom to said object 

29. An apparatus as recited in daim 2K wherein said fust linear member is a flexible 
member that flea** when said object is moved in said second degree of freedom, and wheicUl saJd 
second linear member is a flexible member that flexes when said object is moved in said flrst 
degree of freedom. 

0 30. A method for interfacing motion of an object with an electrical system, the method 

comprising the steps of: 

providing an object having a degree of freedom; 

sensing positions of said object along said degree uf freedom with a sensor and producing 
clccuical sensor signals tixrefirom: and 
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creaUiiK i* resistance to movemeni of said ohjecr along said degree of freedom by regulating 
the flow of a fluid. 

.^1 . A method as recited in claim 30 wherein said degree of freedom is a louiry degree of 
freedom. 



32. A method as recited in claim 30 wherein said degree of freedom i.* a linear degree of 
freedom. 
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33. A method « reciied i„ cl«m 30 wherein said step of creating a resistance lo movement 
of said object includes coupling a passive brake to said object to provide said resistance. 

34. A method as ledted in data 33 wherein said bralce inch.de^ a piston assembly and a 
valve to regulate .taid flow of said fluid. 

35. A rrothod as recited in claim 34 wherein said fluid is air. and wherein said piston 
assembly and said valve comprise an open loop system for circulating air .suppliftri externally to 
said piston assembly and said valve. 

36. A method at recitert in claim 34 wherein said piston assembly and said valve comprise 
a closed loop system for circulating a substanUally fixed amount of said fluid within said niston 
assembly and said valve. 



37. A meihod as ledted in claim 33 wherein said brake includes a cylinder and a piston 
Wherein an electrorheological fluid and o plonlity of electrodes aie provided iu said cylinder such 
that said step of legulaiiiiK said flow of saJd fluid is accompli.shed by applying a voluge to said 
electrodes to control a viscosity of said electrorheological fluid and thereby regulate said flow of 

15 said fluid. 

38. A method as recited iu claim 33 further comprising a step of reading sniri sensed 
positions of said object by receiving said electrical sensor signals and controlling said brake by 
ouqputting said electrical drag signals. 

39. A method as recited in claim 34 further comprising a step of providing a glmbal 
0 mechanism to wliich said object Is coupled, said gimbal mechanism providing two degrees of 

freedom to s»id object 

40. A method as recited in claim 39 wherein said gimbal mechanism is a closed loop five 
member linkage. 

41. A method as recited in claim 34 further comprising a step of providing a slotted yoke, 
mechanism to which said object is coupled, said slotted yoke providing two degrees of freedom to 
said object. 

42. A system for controlling an electromechanical interface apparatus manipulated by a 
user, the sysieiu comprising: 

a digital compuier system for receiving an input control signal and for providing an output 
contrnl signal, wherein said digital computer system updates a process in response to said input 
control signal; 
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a p«,«vc d^upcr for receiving said ouq>ur control signal and providing . rcsisUvc fur.. 
along .deg«e of free.o. . a„ object coupled to said pa«ivc d.„pcr s^d r^Zl^ 
based on a flow of a fluid wiU,„ passive da^r^r. s:ad flow of said fluid being based 
mfonnauon . s^d o„rp„t control signal, wherein said «3i,Uvc force .c^ist. a ^cr t^'^L Z 
5 object by said user along said dcKiec of freedom: and " force applied to 

a sensor for detcctuig modon of said objea and ou,p„«ing said input control signal 

::z:::r°" " ^ ^^^^^ - - - ^s. 

:*';^'''^.^"»'"''"^^**»^''^^2wbcrci„saldprocessupdatedbys^ 
10 system uicludes simulation and Video game software. 

brake for conrrolling the flow of said fluid, wherein said fluid is air. P!«""mIic 

-etnblyondavdveforregulatinKsaldflowofsaidair.where^s^ of said air is regulated 
15 by said digital computer systejn. reguiarca 

46. A system as recited i„ daim 45 whe„,i„ said object is grasped and moved by said user. 

47. A system as recited in daim 46 wherein said digital computer displays a view of a 
video game to said user, wherein said user can iatcn«;l wiUi said video game by manipulating said 



0 



output 1. ? '"""^"""^ * -=«ving said 

output control ..gnal from sa.d digital computer system a.id providing a second output control 
signal to said passive d.upcr. said processor receiving a serond input control signal from said 
sensor and outputting ..aid input control signal to said digital computer system. 

H ^ " '^"^ '^'^ ^^-^ P"«««' " "P-n-ive to provide 

a.d second output control signal to said passive damper in response to said paction and mln of 
said object mdependenUy of said output control signal from said digital computer system. 

50. A system as nxited in claim 4.y further comprising a serial interface for outputting said 
output control signal from said computer system and for receiving said input control ..gna, ,o said 
computer system. 
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m digital fonn and foi convening said output contml signal to analog fonn. 

52. A system a. recited in claim 47 wherein .5«id output control signal controb said 
resistive force to simulate, said object moving into on obstacle. 

53. A system as recited in claim 47 wherein said output coutiul signal control.. 
resistive force to simulate said object moving over a textured surface. 

54. A system as recited in claim 33 wherein said output control signal controls said 
icMstive force to simulate said object moving dirough a damping environment 
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